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An Evaluation of Coast Live Oak
Regeneration Techniques1

Timothy R. Plumb2   Michael D. De Lasaux3

Abstract: A test to evaluate four planting techniques for coast live oak (Quercus agrifolia
Née) was established in spring 1992 on the California Polytechnic State University, San Luis
Obispo, California. Treatments included tree shelters (Tubex®), oak leaf mulch, tree shelters plus
mulch, and an unprotected control. Seedling survival 1 year after planting ranged from 14.3 to
37.1 percent. The greatest survival was obtained with oak mulch, and the tallest seedlings, but
lowest survival, with tree shelters. Although the shelters enhanced seedling growth, the
seedlings averaged only 5.9  inches in height at 1 year. Because of poor survival, empty planting
spots were replanted in 1993, 1994, and 1995. By December 1995, average coast live oak
stocking ranged from 60 to 74 percent, and height from 3.5 to 15.6 inches for the control and
tree shelter treatments, respectively.

This report describes a project in which several techniques were used to
enhance the survival of direct seeded coast live oak (Quercus agrifolia Née).

What was initially intended to be a 1-year planting project evolved into a 4-year
planting “marathon." This is the only effort in California that we are aware of in
which the same plantings spots were seeded 4 successive years to achieve as
close to 100 percent stocking as possible. Surveys during the past several years
indicate a general lack of adequate coast live oak regeneration throughout its
range. Bolsinger (1988) reported that about 90 percent of the coast live oak type
had few or no saplings or seedlings. And, attempts to artificially regenerate coast
live oak in local wild environments have not been successful (Muick 1991, Plumb
and Hannah 1991).

A myriad of causes have been identified to explain the poor success of both
natural and artificial restocking (Davis and others 1991, Swiecki and others
1990). Swiecki and Bernhardt (1991) provide an excellent overview of the factors
affecting the restoration of valley oak (Q. lobata Née). Most of these factors apply
to coast live oak as well. Herbivory and moisture stress are two key factors
negatively affecting both seedling establishment and survival. Mice (Davis and
others 1991), deer (Griffin 1971), cattle (McClaran 1987), and grasshoppers
(McCreary and Tecklin 1994) are some of the biota that can cause significant
seedling losses. However, once established, oak seedlings can often survive stem
and foliage losses because of their resprouting capacity. On the other hand,
gophers can kill both seedlings and saplings, and they can destroy a root system,
preventing resprouting  (Adams and others 1992, Davis and others 1991, Lathrop
and Yeung 1991). Where gophers are present, the root systems must be protected.

A wide variety of protective devices have been used to prevent herbivory,
including window screens (Adams and others 1992, McCreary and Tecklin 1994),
fencing (Davis and others 1991, Tietje and others 1991), and individual plant
exclosures (Plumb and Hannah 1991, Swiecki and Bernhardt 1991). Plastic
translucent tubes called tree shelters (Tubex®) have received considerable
attention during the past few years (Costello and others 1991, Potter 1988). They
are touted not only because they protect seedlings from herbivory, but also
because they promote height growth (McCreary 1993).
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terface Issues, March 19-22, 1996,
San Luis Obispo, Calif.
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Management Department, Cali-
fornia Polytechnic State Univer-
sity, San Luis Obispo, CA 93407.
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Department, California Polytech-
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Obispo; currently, Natural Re-
sources Advisor, University of
California Cooperative Extension,
Quincy, CA 95971.



232 USDA Forest Service Gen. Tech. Rep. PSW-GTR-160. 1997.

Plumb and DeLasaux An Evaluation of Coast Live Oak Regeneration Techniques

Moisture stress is a major environmental factor responsible for poor
germination (Plumb and Hannah 1991) and seedling death (Barnhart and others
1991, Lathrop and Yeung 1991). Low rainfall, an obvious contributor to moisture
stress, was considered the major reason for poor success of regeneration work
during the latter part of the 1980’s (Plumb and Hannah 1991). Other major causes
of water stress are plant competition, particularly from annual grasses (Adams
and others 1992, Davis and others 1991), and coarse soil textures (Plumb and
Hannah 1991). Competing vegetation can be controlled with herbicides and
mulching (Adams and others 1992, McCreary 1991). Irrigating young plants
during the dry season has also been used in several oak regeneration studies
(Costello and others 1991, Swiecki and Bernhardt 1991). The latter obtained
better height growth with irrigation.

Some of the many factors that affect oak seedling germination and survival
have been briefly noted. The main objective of the work reported here was to
determine the effect of tree shelters, oak leaf mulch, and summer irrigation on
coast live oak seedling survival. Because of low seedling survival, we decided to
replant the same planting spots to determine how much additional work would
be needed to achieve a high level of stocking.

Methods
Site Description
The study area is located on Radio Tower Hill (RTH), just west of the main
California Polytechnic State University (Cal Poly) campus, San Luis Obispo,
California. It is on a northeast aspect at about 400 feet in elevation with slopes
between 10 to 40 percent. The test plots occupy about 0.5 acres in a long narrow
strip between a ridge line and a stand of coast live oak along the northeast
border. A preliminary analysis indicated that the soil is a loamy, mixed, thermic,
ultric soil that was keyed out to be a Catelli coarse, sandy clay loam. Except for

thicker “O”  and "A" horizons, there is little difference between the soil in the
grassy plot area and that under the adjacent oak canopy (table 1).

Annual grasses are the predominant vegetation on the project area with
scattered northern monkey flower (Mimulus aurantiacus Curtis), coyote bush
(Baccharis pilularis DC.), and California sage brush (Artemisia californica Less).
There is also scattered advanced coast live oak regeneration in the annual grass
along the upper edge of the oak stand, including several new seedlings along the
canopy drip line. The oak stand is composed of a wide range of sizes and
conditions of coast live oak. Photographic evidence over the past 82 years
indicates that there has been a considerable increase in the size of the stand since
1908.

Table 1—Comparison of soil characteristics between the open grassy test area and under the canopy of
the adjacent oak stand

Soil horizon depth Accumulated
Site pH O1 A B BC C depth to "A" to “C”

------------------------------------------------     inches ------------------------------------------------------

Open grass 5.4-5.7 0.4 1.6 8.3 5.1 13.8+ 15.0
Oak canopy 5.5-5.8 0.8 4.7 8.7 3.9 9.9+ 16.3

1Soil horizons are defined as follows: O = organic zone, A = mineral zone, B = accumulation zone, and
C = unconsolidated parent material.
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Table 2—Planting date, seed source, monthly irrigation schedule, and other treatment factors for the four
planting cycles of the Coast Live Oak Regeneration Test

Year of planting
____________________________________________________________________________________________________________________________

Cultural factors 1991-1992 1992-1993 1993-1994 1994-1995

Planting date Late April Late January Late February Early February

Site preparation Pre-dug Litter Litter Litter
holes to 18 in., replacement, replacement, replacement,

scalping scalping scalping no scalping

Seed source Poly Canyon Poly Canyon Mixed1 Mixed

Acorns per 2 3 2 2
planting spot

Irrigation June-Sept. April-Oct. June-Sept. June-Sept.
schedule

Water per 1 gal. 0.5 gal. 0.5 gal. 1 gal.

planting spot

Method of 1-gallon2 Hand Hand 4-gallon3

irrigation container irrigation irrigation container

1Acorns from Cal Poly Campus and from Pleasanton Ridge, Pleasanton, CA.
2Water for each planting spot was supplied from a 1-gallon plastic container with a small hole punched

in the bottom.
3Water for all four treatments was supplied from a 4-gallon container fitted with four 1-gallon/hour

drip emitters.

Although no formal animal monitoring was done, deer (Odocoileus hemionus
columbianus) are often seen in the plot area. There was evidence of extensive pocket
gopher (Thomomys bottae Eydoux & Gervais) activity at the beginning of the study
that seemed to greatly increase in 1995. In some areas, exit and feeding holes are
only 6 to 12 inches apart. Grasshoppers (species not identified) were present
throughout the summer months; but in summer 1994, as noted by McCeary and
Tecklin (1994) at the Sierra Field Station, there was a population explosion. It was
common to find four or five grasshoppers on a single seedling. Leaf and stem
damage was similar to that described by McCreary and Tecklin (1994)—leaves
partially to completely gone and bark stripped from the smaller stems.

Treatments
This project included a small statistically designed regeneration test to compare
the effectiveness of tree shelters and oak leaf mulch on coast live oak seedling
survival and growth. Because of poor initial seedling survival, planting spots
without a live seedling were replanted for 3 additional years. A small irrigation
study was also established the third year of the project.

1991-1992 Activities
The Regeneration Test involved four treatments: (1) untreated control, (2) oak
litter mulch, (3) tree shelters (4 feet tall and 3.5 inches wide), and (4) tree shelters
plus oak litter mulch. The test consisted of 35 randomly located clusters, each
containing four planting spots randomly assigned to the treatments. The planting
spots in each cluster were in a square pattern and about 4 feet apart. Planting
data, site preparation, seed source, and irrigation schedule are listed in table 2.
All planting spots were pre-dug with a 6-inch power auger to a depth of 12 to 18
inches. An 18-inch long by 6-inch diameter cylinder of 1-inch mesh chicken wire
was placed in each hole for gopher protection; the holes were then refilled with
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the excavated soil. A 5-ft square area containing each cluster was scalped to
mineral soil in March 1992 to control grass competition.

Acorns were picked in October from a tree in Poly Canyon, about 1 mile
across the campus from RTH. They were air-dried for about 10 days, then stored
in plastic bags in a cold box at 38 °F. About 2 weeks before planting, the acorns
were placed in plastic bags containing moist vermiculite and stored at 70-75 °F.
Two pregerminated acorns with radicles approximately 1/4 inch long were
sown in each planting spot during the first week of April. The control planting
spots received no additional preparation. Oak leaf litter for the mulch treatment
was collected from the adjacent oak stand and spread over a planting spot to a
depth of about 2 inches. The litter was held in place with a 1.5- by 1.5-ft piece of
chicken wire secured in place with hemp staples. Tree shelters were secured with
3/4-inch thick wooden stakes; the tops of the shelters were covered with fine
plastic mesh or wire to keep out birds and other small animals.

Irrigation for the Regeneration Test was applied to each planting spot at the
rate of 0.5 or 1.0 gallons per month from late spring to early fall (table 2).  Seedling
survival (fig. 1) and height (fig. 2) were measured several times from May 1992

Figure 1—Percent survival of coast live oak seedlings for four planting cycles beginning in 1991. A dramatic decline in survival occurred
each fall; little increase in stocking was gained after the second planting.
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until January 6, 1993. All sample dates for 1992 and subsequent planting years
are shown in figures 1 and 2.

1992-1993 Activities

Planting spots without a live seedling were replanted in late January with three
germinating acorns (table 1). Each cluster was rescalped and the oak litter mulch
replaced. Monthly irrigation of 0.5 gallons per planting spot began in late April
and continued until October.

1993-1994 Regeneration Activities

All planting spots without live seedlings were replanted with two germinating
acorns in late February (table 3). We made no effort to keep track of the acorn
source for this or the following year’s planting. Acorns were either from Poly
Canyon or Pleasanton, California. The litter treatments were again refurbished
and each 5- by 5-foot plot area rescalped.

A small irrigation study was established in March 1994 to compare two rates
of irrigation (1/2 and 1 gallon per planting spot) and a nonirrigated control. Ten
treatment clusters were arbitrarily dispersed throughout the Regeneration Test
area with each treatment randomly assigned within a cluster. Each planting spot

Figure 2—Average height of the coast live oak seedlings protected by tree shelters dramatically increased in 1995. However, death of
several of the tallest seedlings (up to 43.3 inches tall) between August and December 1995 resulted in a drop in average seedling height
for the tree-shelter-plus-litter treatment.
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was pre-dug with a 6-inch diameter auger, lined with chicken wire and refilled.
Six-inch diameter chicken wire cylinders 12 inches tall were attached to the top
of the gopher exclosures to reduce aboveground herbivory. Three germinating
acorns were sown at each planting spot that were arranged in a triangular
pattern, approximately 3 feet apart. The immediate plot area was scalped at
planting time. Water was metered from 0.5- and 1-gallon plastic containers fitted
with 1-gallon/hour drip irrigation fittings. Water was applied monthly from
June to September 1994. Height and survival sampling dates are show in figure 3.

1994-1995 Activities

The regeneration test and irrigation study sites were replanted in early February
1995 with germinating acorns from either Poly Canyon or Pleasanton. Litter was
replaced as before; however, no rescalping was done. Plant cover in the scalped
areas was mostly scattered filaree (Erodium spp.) and was not considered a
serious competitor of the oak seedlings.

Data Collection and Analysis
Treatment results for all 4 years of the work reported here are based on seedling
height and survival measured periodically throughout the summer and fall (figs.
1 to 3). Seedling height was based on the height of the tallest live seedling per
planting spot. The final evaluation for each planting cycle was usually obtained
after December, with the exception of 1994-1995 when the last measurements
were made in early December.

Survival data for the Regeneration Test were analyzed by logistic regression
(SAS) that expressed probability of survival as a nonlinear function of age and
treatment variables, with the control treatment as a reference. Height data were
analyzed by multiple regression (MINITAB), again controlling for age. Plot
replication differences were evaluated by a two-way analysis of variance.

Results
Regeneration Test
Seedling survival for the control and three treatments for the entire 4-year
planting effort is shown in figure 1. Seedling emergence for the 1991-1992 cycle
did not peak until mid-July for all treatments except the controls, whose survival
had already begun to decline and continued to do so until replanting in 1993.

Table 3—Planting date, monthly irrigation schedule, and other treatment factors for the Coast Live
Oak Irrigation Study

Year of research activity

Cultural factors 1993-1994 1994-1995

Planting date Late February Early February

Acorns or seedlings 2 2
per planting spot

Irrigation schedule

Water application per June-Sept. June-Sept.
planting spot Variable1 Variable2

1Three rates: 0, 0.5, and 1 gal. per planting spot.
2Nonirrigated control plots received 0.5 gal. water per planting spot on the June irrigation date.
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Emergence was relatively poor for all treatments, ranging from 42.9 percent for
the controls to 62.9 percent for the tree shelters.

Seedling survival for the tree-shelter treatments remained constant until
September 1; then there was a dramatic decline to only 14.3 percent by January 1,
1993. During this time, seedling survival for the litter treatment slowly declined,
and by January 1993, it had dropped to 37.1 percent. The tree shelters initially
stimulated modest height growth (fig. 2) over that obtained with the control and
litter treatments. The high seedling mortality after September 1 did not change
the height relationship among treatments. Extensive pocket gopher activity was
present throughout the test area, but no seedling death was attributed to them.
Most of the control and litter treatment seedlings showed signs of herbivory, and

Figure 3—Percent survival (A) and average height (B) of coast live oak seedlings for the Irrigation Study 1994-1995 planting
cycles. Monthly irrigation from June to October enhanced seedling height over the nonirrigated seedlings, but the effect of
irrigation on seedling survival was not clearcut.
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many of the tree shelter seedlings were infected with woolly aphids (Stegophylla
quercicola Baker).

Seedling survival for the 1992-1993 cycle, which included surviving
seedlings from the 1991-1992 cycle, was much higher than it was for the
previous year, ranging from 80.0 to 91.4 percent on July 22. Planting in January
and above-normal winter rainfall may have accounted for the increased level
of survival that was enhanced by the surviving 1991-1992 seedlings. Again,
there was a big decline in seedling survival for all treatments during the fall
and winter (fig. 1). However, the seedlings in the tree shelters still maintained
their height dominance.

The survival pattern for the 1993-1994 planting cycle was similar to that for
1992-1993, and 85 to 95 percent of the planting spots had live plants on June 15,
1994, except the litter treatment with only 71.4 percent. The pattern of survival
was also very similar to that for 1991-1992 with a large decline after September
2. However, minimal seedling survival ranged from 48.5 to 71.4 percent, much
higher than for the 1991-1992 cycle. By this time, average seedling height for
the two tree-shelter treatments was about double that for the control and litter
treatments and ranged from 9.0 to 10.5 inches (fig. 2) for the shelter and shelter-
plus-litter treatments, respectively. Pocket gopher activity continued, and a
few planting spots were almost completely surrounded by exit holes, but no
seedling mortality was attributed directly to gophers. Most unprotected
seedlings had some browsing. An extremely heavy infestation of grasshoppers
was present all summer.

Seedling survival and height were measured only twice in 1995. The August
26 sampling was probably too late to obtain maximum seedling establishment,
but the percent survival was still very high for both shelter treatments, ranging
from 91.4 to 97.1 percent. Survival for the control and litter treatments was
somewhat lower at 68.5 and 77.1, respectively. Seedling age at the beginning of
1995 varied from 1 to 3 years. However, most seedlings had died (replanting
required) or were 2 years old. Logistic regression analysis indicated that seedling
age, but not treatments, was a significant predictor of seedling survival (P ≤ 0.01).
Again, a major decline in seedling survival occurred after early September for
the shelter treatments. Although 31 of the 70 tree-shelter seedlings were infested
with woolly aphids, only three of the infected seedlings died after August 26.
The amount of gopher activity was amazing. In some areas on and around the
test site, exit holes were only 6 to 10 inches apart.

Average height for seedlings in the shelter-plus-litter treatment also declined
because some of the seedlings that died were 2 years old and more than 40 inches
tall. However, seedlings for both tree-shelter treatments were about twice as tall
as the control and litter seedlings. There was no significant difference between
shelter treatments, or between the control and litter treatments. An ANOVA of
the replications indicated that there was no significant plot effect (P ≤ 0.05).

Irrigation Study
Seedling survival for the 0.5- and 1.0-gallon irrigation treatments ranged from
80 to 100 percent for the entire test, except for a decline to 70 percent for the 0.5-
gal. rate on the last sampling date in December 1995. Average percent survival
for nonirrigated seedlings was generally less than for those that were irrigated
(fig. 3A). Irrigation had a positive effect on seedling height, but there was no
apparent difference between irrigation levels (fig. 3B).
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Discussion
Attempts to artificially regenerate coast live oak in the Central Coast area of
California have generally not been successful for the past several years (Plumb
and Hannah 1991). Initial establishment has been excellent on some exposed
grassy sites, but few coast live oak seedlings were alive 2 years later. Excluding
damage and death by the many types of herbivory that have been reported on
oaks, lack of coast live oak seedling survival can generally be attributed to
unsatisfactory site conditions and to moisture stress specifically.

The study area had nearly uniform soils in and out of the oak stand and
seemed like an ideal location to test some promising regeneration techniques.
The natural expansion of the adjacent coast live oak stand over the past 80 years
and the presence of advanced regeneration on the site indicated that this should
be a suitable location to establish coast live oak. It was hoped that moisture stress
from grass competition and low rainfall would have been counteracted by weed
control, oak mulch, and/or irrigation.

Pocket  gophers were a serious threat during the study, especially in 1995.
The buried chicken wire exclosures seemed to provide adequate protection for
the seedlings. The death of only a few seedlings could be directly attributed to
gophers, and these were seedlings which gophers had extensively excavated
around a planting spot. The potential threat to unprotected seedlings and
advanced regeneration was demonstrated on the test site in August 1995 when a
natural seedling at least 5 to 10 years old and 0.6 inches in diameter at ground
level was completely severed a few inches below ground. The damage appeared
to be exactly like that described by Lathrop and Yeung (1991) for Engelmann oak
(Q. engelmannii Greene) and shows the need for long term protection where
gophers are present. Unprotected seedlings have little chance of escaping gopher
herbivory.

Tree shelters are used to promote height growth and reduce herbivory
(Costello and others 1991, Manchester and others 1988). Both of these effects
were obtained in this project. And, both tree-shelter treatments significantly
enhanced average seedling height after 4 years of replanting (fig. 2). To the
contrary, seedling survival was not  enhanced by the shelters. Each year, there
was a major decline in seedling survival in the fall. Ironically, the shelters
produced the biggest seedlings and the lowest survival. What went wrong?
Woolly aphids infested many of the these seedlings, but they usually do not
cause plant death (Brown and Eads 1965). The micro environment in the shelters,
which can be at least 4 to 7 ˚F warmer than the outside air (Costello and others
1991), apparently favored the aphid infestation.

Moisture stress would seem to be the obvious explanation for the fall
seedling deaths. Irrigation was usually discontinued after September; this may
have been too soon and watering probably should have been tailored to fall
precipitation. Although early fall precipitation occurred in 1994, still many
seedlings died during the fall and early winter. Were these deaths due to
moisture stress or something else? The tree shelters promoted accelerated
growth that may have ultimately contributed to the seedling deaths because of
their greater water requirements.

The effectiveness of the irrigation methods was somewhat suspect because
of the erratic discharge from the plastic containers and the variable amount of
surface runoff that occurred from one seedling to another with hand watering.
Using plastic containers in 1995 with drip emitters eliminated both of these
problems. Other studies indicate mixed results with supplemental irrigation
(Costello and others 1991, Gordon and others 1991), and Swiecki and Bernhardt
(1991) even suggested that irrigated plants are more likely to be browsed than
non-irrigated plants. In the irrigation study reported here, providing monthly
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amounts of either 0.5 or 1.0 gallon of water per seedling greatly enhanced height
growth over that for the non-irrigated control plants (fig. 3). The effect of
irrigation on survival was less obvious, though it was deemed to be worthwhile.

The effect of oak mulch to reduce moisture stress was not clearcut, although
it did appear to enhance seedling survival at the end of the 1991-1992  and 1994-
1995 planting cycles. Both Davis and others (1991) and Adams and others (1992)
note the negative impact of annual grass on seedling survival. Controlling
competing vegetation through a variety of methods, including scalping and
mulching, can greatly improve the survival of planted seedlings (McCreary
1991). Because both scalping and oak leaf mulch were used in this test, the
overall effect of scalping may have masked the effect of the mulch.

Finally, replanting this site for 4 consecutive years did not result in complete
stocking. Although the overall percent survival for all treatments increased from
21.4 percent for the first planting cycle to 69.3 percent for the fourth planting
cycle, this was only 7.9 percent higher than the overall survival at the end of the
second planting cycle. The only significant factor affecting survival after 4 years
was seedling age where the odds of survival were directly related to seedlling
age (ln value of survival = 0.839 + 0.693 age). It seems reasonable to expect that
seedlings that survived for 1 or more years would have a better chance of
persisting another year than would a crop of new seedlings.

Conclusions
This work demonstrated that it can be extremely difficult to attain 100 percent
survival (stocking) of coast live oak on a promising field site, even after repeated
replanting. Little increase in stocking was gained after the second planting. It
would be fiscally imprudent to repeat replanting until the cause of the late-fall,
early-winter seedling death was identified.

Tree shelters enhanced coast live oak seedling growth and effectively
prevented herbivory, but they did not promote greater seedling survival on this
site. Late-fall, early-winter seedling death appeared to be related to moisture
stress. Irrigation that was either more frequent, at a higher rate, or later in the fall
might have prevented this decline in survival. Also, planting in 6- to 8-inch
diameter shelters might have provided a better micro environment for the
seedlings as they appeared to be crowded in the 3.5-inch diameter shelters used
in this test.

Finally, although some natural seedlings near the test site have persisted and
developed into saplings, it is not clear how they made it. To ensure satisfactory
survival of artificial regeneration of coast live oak, we do know that it is essential
to protect seedlings from above and below ground herbivory, but we are not yet
certain about the level of irrigation that is needed or if irrigation is needed at all.
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This paper was presented at the Fifth Symposium on Oak Woodlands: Oaks in California’s Changing 
Landscape, October 22-25, 2001, San Diego, California by Ralph Kraetsch (ralphkra@netvista.net). 
Mr. Kraetsch is Project Coordinator, Walnut Creek Open Space Foundation, 88 Karen Lane, Walnut 
Creek, CA 94598. 
 
Ten Years of Oak Restoration in City of Walnut Creek Open Spaces 
Ralph Kraetsch 
 
Abstract 
The Oak Habitat Restoration Project began in 1991 when several individuals recognized that the oak 
woodlands and savannas of Walnut Creek's nearly 2,800 acres of open spaces had little natural 
regeneration. This group gathered volunteers who harvested acorns, planted them, and then installed 
tree shelters and watered the resulting seedlings. The Project soon became a unit of the Walnut Creek 
Open Space Foundation, which now provides most of our equipment and materials. The Project usually 
has 18 activity dates each year, nearly all on Saturday mornings. We usually plant 250 to 300 sites per 
year. About 75 percent of the sites initially contain at least one seedling from the three acorns planted in 
each site. At the end of the first growing season about 60 percent remain. We estimate that in 4 to 5 
years about one-third of sites have become strong saplings. We have used a number of planting and 
maintenance methods which, over the years, have provided us with a preferred set of procedures that 
others may find useful. 
 
Starting the Project 
In 1989, Dick Daniel noticed that there were few oak seedlings and saplings in the Walnut Creek Open 
Spaces. He planted about 100 sites in a small fenced area in the open space and found very good 
success. During 1990, I made the same observation of lack of oak regeneration, and in the spring of 
1991 Dick and I, together with Walnut Creek's newly hired Open Space Superintendent, Dan Cather, 
recruited volunteers for the Oak Habitat Restoration Project. The Project began with about 50 
volunteers who typically attend 4 to 8 of our 18 activities per year. 
We are fortunate that the City of Walnut Creek encourages our work and trusts the Project's judgment 
in restoration activities. This has enabled us to work with different restoration methods over the years 
until we found the methods we believe are well adapted to our warm and moderately dry climate. 
 
The City provides storage space for our equipment and materials. The Project is now an activity of the 
non-profit Walnut Creek Open Space Foundation which funds most of our necessary equipment and 
materials. Vehicle needs are provided by volunteers. Grants from the California Native Plant Society, 
Chevron, and California ReLeaf and the California Department of Forestry and Fire Protection were 
important to our success in several of our early years. Walnut Creek is located 22 miles directly east of 
San Francisco. In 1974 and 1975, the City acquired about 1,800 acres in four open space parcels on 
its periphery. 
 
The open space now totals over 2,700 acres. These hilly oak woodland, savanna and chaparral areas 
were intensely grazed for many years prior to 1975, and this continued until 1990 when about 425 
acres in Shell Ridge were withdrawn from grazing. In 1997 about 375 acres of Lime Ridge were 



withdrawn. These are the areas in which we have done most of our planting. 
Procedures 
Acorn Harvest 
Our Project year begins in September with the acorn harvest. The crop varies widely from year to year 
and sometimes from species to species. We have three oak species, blue oak, valley oak and coast live 
oak (Quercus douglasii, Q. lobata, and Q. agrifolia) and we harvest only from open space trees to 
maintain local genetic integrity. In years with small acorn crops there is often a higher proportion of 
insect damaged acorns so we tend to pick earlier, before maximum predation occurs. We continue 
picking as long as acorns hold on trees, usually after three harvest dates. We provide volunteers with the 
following acorn harvest directions: Equipment needed: 1 quart plastic collecting bags, swab pen for 
labeling bags, hook pole for harvesting acorns higher in tree (optional; use especially in years with poor 
acorn crop), larger bag for holding 1 quart bags.  
 
1. Collect acorns only from a tree, never from the ground. 
 
2 . Remove caps and check acorns for damage before placing them in a collecting bag. Reject any 
acorn with damage to the base of the acorn, usually caused when removing the cap from an immature 
acorn. Also reject acorns with evidence of insects, bruises, cracks, misshapenness or very small. In 
years with poor acorn crops it may be necessary to keep some acorns with bruises or minor insect 
damage. 
 
3. Use 1 quart collecting bags, no more than 100 acorns per bag, and be sure to label each with oak 
variety, date and general location. 
 
4. Do not mix oak varieties in one bag. If you're not sure how to identify different varieties, ask! 
We store acorns until planting in quart plastic bags, top partly open, in our refrigerator, just above 
freezing to retard sprouting and mildew. We dry the acorns monthly during storage to retard mildew, a 
somewhat laborious process. We have found a significant difference in storage capability among our 
three oak species. Blue oak acorns sprout radicles and often develop mildew after just 3 to 5 weeks in 
storage. Valley oak acorns tend to sprout radicles 6 to 8 weeks after harvest, and are slower to 
develop mildew. Coast live oak acorns rarely develop radicles before 8 weeks, and many do not sprout 
for several months after harvest. Some of our 1999 coast live oak acorns stored in our refrigerator in 
partly open plastic bags within a closed heavy carton sprouted successfully when planted in midsummer 
of 2000. Similarly, many coast live oak acorns collected in 2000 were viable in July 2001. 
 
Planting 
We begin planting after fall rains have moistened the soil to 8 to 10 inches and usually have five planting 
dates between late November and mid-January. We provide teams of two volunteers with the following 
directions for planting 10 sites. Materials needed: 10 mulch mats, 40 mulch mat staples, 10 aluminum 
tags, 10 36-inch survey flags, ball point pen, trowel, clipboard with pre-numbered data sheet and 
procedures sheet, bag with 30 acorns, floral shovel. Units of 10 screen cylinders have been previously 
placed in the field. 
 



1. Select a site at least 50 feet from other plantings. Site should be on a sufficient slope that there will 
not be standing water during heavy rain periods. 
2. With the shovel or other tool remove grass and weeds from an area 3+ feet square. 
 
3. Dig a hole in the center of the cleared area about 8 inches deep. Keep the dirt within the cleared area 
for refilling the hole. 
 
4. Place a screen cylinder in the hole, at least 6 inches deep and fill inside the screen to about 1 inch 
below the surface level. Fill outside the screen to surface level. Tamp the filling to reduce future 
compaction, a major cause of failure due to acorn rot from water accumulation in a compaction “lake.” 
 
5. Place three acorns inside the screen, on their side, near the screen, points toward the center. Make a 
hole for any root (radicle) showing from the acorn. Fill inside the screen to ½ to 1 inch above the 
surface level. 
 
6. Open the center slot of a plastic mulch mat about 1 inch on each side so the slot is just large enough 
to slip over the screen. Install the mat over the screen, shiny side up. Fold over the corners of the mat 3 
to 4 inches and staple each corner through the folded layers of plastic. 
 
7. With a ball point pen firmly write the site number on an aluminum tag (00-123, for example) using 
fairly large letters and attach the tag at the top of the screen. The “00” identifies the year of acorn 
harvest. The site number is preassigned on your data sheet. 
 
8. Fill out the data sheet. 
 
9. Pinch together the upper 1_ inches of the screen and fold this over about 45 degrees from vertical. 
DON'T FOLD TIGHTLY! We have to get back inside the screen in the spring to weed and install 
treeshelters. 
 
10. Insert a survey flag through the three layers of screen. Don't bend the flag wire. Extend the flag as 
high as possible above the screen so we can locate the site after the grass grows tall in the spring. 
 
Spring Maintenance 
Spring maintenance includes inspection of winter plantings, weeding inside screen cylinders and installing 
treeshelters on seedlings. Seedlings begin to emerge in mid-March. Some delay until early May, 
depending, we believe, on the planting date, acorn variety, depth of planting and amount of sun on the 
site. We weed all sites as we inspect them, whether or not a seedling can be found. Discovering new 
seedlings is a highly satisfying activity! We provide teams of two volunteers with the following list of 
procedures for spring maintenance and treeshelter installation. 
 
Materials: clipboard with data sheet and procedures list, pen, swab pen, trowel, 10 bird nets, small 
sledge hammer (10 Tubex treeshelters, 10 rebar posts and water are already in the field).  
1. At a site, remove the flag, open the screen cylinder and look and feel for seedlings. You will often see 



mostly grass and weeds. Remove them. Oak seedlings are stiff and like a short brown blunt toothpick 
when they first emerge. Later a couple of small leaflets show. 
2. If no seedling has yet emerged, or you're unsure whether something is actually a seedling, close the 
screen and replace the flag. We will recheck the site later in the spring. 
 
3. If you find a seedling, after removing the grass and weeds, use a trowel to loosen the soil around the 
inside edge of the screen. If the soil is too firm, soften with some water. Of course, no damage to the 
oak seedling! Rotate the treeshelter into the soil at least 2 inches. 
 
4. Push a rebar post through the plastic ties on the treeshelter and into the ground (use a hammer if 
necessary) below the top of the treeshelter if possible. Tighten the plastic ties. Add some water to settle 
the soil. Put a bird net over the treeshelter. Bend the top of the screen cylinder as necessary to minimize 
the space between the cylinder and the treeshelter to exclude rodents and lizards. 
 
5. Complete the data sheet with the site number and seedling information. Dittos or arrows are fine for 
other notes. 
 
6. Use the swab pen to place a 6+inch number reflecting the year of acorn harvest on the treeshelter 
visible from the nearest service road direction. This helps us identify which seedlings need to be watered 
during the summer. 
 
The bird net is used to exclude birds who often perch on the treeshelter and occasionally fall in, killing 
themselves and usually any seedling present. The screen cylinder is left in place to protect the tender 
root system from rodent predation. The Tubex treeshelters serve several purposes. Most important, 
they conserve moisture by recirculating daily condensation inside the shelter back down to the seedlings. 
The shelter also focuses summer watering on the seedling root system for deeper watering rather than 
spreading widely with shallow soil penetration. A third very important function of the treeshelter is 
discouraging predation by wildlife. We have found two sources of deer predation, browsing and antler 
rubbing on saplings in the fall. 
 
We leave treeshelters on the plantings as long as the shelters hold together, many nearly 10 years at this 
time. Treessentials of Mendota Heights, MN (800-248-8239) is our supplier for the Tubex treeshelters, 
the plastic mulch mats and staples, as well as the small bags of slow release fertilizer we sometimes use 
in plantings. 
 
Summer Watering 
We try to water seedlings for two summers to provide moisture during the critical summer dry period in 
their early years. We have no field source of water for piped irrigation, so we must carry water to the 
seedlings. Prior to the announced watering day we fill 1 and 1½ gallon plastic jugs and truck them to the 
planting area where they are dropped along service roads near the seedling sites. Volunteers then carry 
the water jugs to the seedlings, placing about ½ gallon in each treeshelter. During the first watering 
sessions we inspect the plantings that have not yet 
shown a seedling. If a seedling does not show by June we recover the screen cylinder for  



reconditioning and reuse. At the end of the watering season we're already in the next acorn harvest. 
 
 
Learning Experiences 
Our learning experiences from these 10 years of restoration work are categorized into treeshelters and 
posts, screen cylinders, grazed area planting, fire effects and volunteer programs. 
 
Treeshelters and Posts 
We have experimented with various materials for the treeshelters, but have always returned to the stiff 
preformed plastic treeshelter under the Tubex brand. One year we used a corrugated plastic material 
that is shipped flat and shaped into a treeshelter in the field. In parts of the country with cold winters this 
system is reported to have advantages. In our area these treeshelters begin to deteriorate within 2 to 3 
years and form a fragmented mess that is difficult to clean up. We have also experimented with shelters 
made of heavy film. These are short, require wire exclosures and also deteriorated within 2 years. 
 
In our early years we tried all available lengths of Tubex treeshelters, from 1 to 6 foot lengths. We no 
longer use the 5- and 6-foot shelters. Their original purpose was to protect seedlings from cattle 
browsing. We have found that seedlings have difficulty overtopping the taller shelters in our lower rainfall 
environment. The 1, 2 and 3-foot treeshelters require that we install exclosures to protect against deer 
browsing. Thus, the 4-foot treeshelters best satisfy our local needs. 
 
In our first years we used T-bar fence posts to stabilize treeshelters. In order to reduce costs we then 
tried oak and redwood posts. The best of them rotted within 4 years. We have settled on 
3/8-inch diameter rebar posts and find them cheaper than wood. In addition they can be recycled 
indefinitely. 
 
Screen Cylinders 
We tried a number of materials to build screen cylinders to defend the acorns from rodent and insect 
predation before settling on 24-gauge hardware cloth (screen). We purchase this material in 100-foot 
rolls of 2 foot width, cut it into 20 inch lengths and wire the resulting pieces into the 2 foot by 6 inch 
diameter cylinders. Lighter weight materials were too easily penetrated by our abundant ground 
squirrels. 
 
Planting In Grazed Areas 
We currently plant only in areas which are not grazed. In our early years we tried planting in grazed 
areas with disappointing results. The cost in materials and volunteer time is about double the cost for 
planting in ungrazed areas. Our method was to install a planting site as described earlier and add a 3½ -
foot diameter exclosure of 5 foot welded wire fencing stabilized with 2 or 3 rebar posts of ½-inch 
diameter. This is usually satisfactory where there are plenty of trees for cattle rubbing, but in areas with 
fewer trees our plantings became the principal rubbing target and were often severely damaged. 
 
Fire Effects 
Our single experience with fire 3 years ago showed it quite damaging to our plantings, but the effect can 



be short term. Heat melted the plastic treeshelters against the young oaks and killed the stems. 
However, we found that four of five plantings resprouted and grew rapidly from the undamaged root 
system. 
 
Volunteer Programs 
Volunteer recruitment has been a challenge over the years. The best sources have been members of our 
sponsoring Walnut Creek Open Space Foundation, the local Volunteer Center, open space kiosk signs 
and publicity in the local newspaper. Occasional “Volunteer Day” programs sponsored by the City of 
Walnut Creek have been helpful, and one was the largest source for our beginning volunteer group. 
Volunteer retention is also a problem. We have a core group of 12 to 15 who have been frequent 
participants over the years. Others come once or twice per year and still others find the activities too 
strenuous or not as interesting as they anticipated. A few others, largely the younger group, find new 
parenting or changed work responsibilities become higher priorities. Or they move out of the area. 
Teenage participants are welcome, but only a few attend more than once, usually to satisfy a high school 
community service requirement. The best volunteers are the newly retired who have not yet fully 
committed their time. 
 
We publish a simple monthly newsletter, Oak News, which announces coming Project activities, notes 
volunteers present at recent field efforts, and comments on oaks, other native plants and general open 
space programs. We find the newsletter useful as an activity reminder, as an educational tool and to 
publicize the program to City officials and others. 
 
Future Programs 
In our early years we prepared for planting by dropping bundles of 10 screen cylinders at the 3 
entrances to the Shell Ridge Open Space planting area. We found that areas distant from open space 
entrances received much less attention from volunteer planters than areas closer to the entrances. In 
recent years we have dropped the screen cylinders in the field at a number of locations closer to the 
target planting areas with much improved planting distribution. 
 
We are planning to try planting without screen cylinders in areas that are more difficult to reach so that 
volunteers will not need to carry full kits of materials long distances. This will involve planting about 20 
acorns around a marker we can identify later. Then, after the grass dries we will return to these locations 
and search out any seedlings for installing treeshelters. Experiments with this method in past years 
haven't been successful. We will need to be especially careful to plant in areas without ground squirrels. 
 
As noted earlier we have done most of our planting in the ungrazed areas of the City's open space. 
Many plantings in grazed areas have largely been severely  damaged by cattle. In the future we hope to 
fence small plots, perhaps 20 to 30 foot squares, and plant several sites within each plot. 
 
Results 
We have recently made field checks of all surviving planting sites in order to compare our actual success 
with our estimates of success. Data from our first 6 years of planting in Shell Ridge Open Space is in 
poor condition so detailed analysis is not possible. We found 547 living sites from those plantings. 



Assuming an average of 300 sites planted per year yields a 30 percent success rate. 
 
Analysis of sites planted during November 2000 to January 2001 with acorns harvested the previous 
September has provided much more useful results that will help direct our future planting methods and 
data recording. 
 
Conclusions 
The preceding data analysis suggests several additions to our data recording. Topographic aspect of the 
planting site, soil character and possibly treeshelter diameter may help explain why some plantings are 
more successful than others. We can conclude that blue oaks, despite their abundance as living trees, 
have more trouble regenerating. We should plant four rather than three acorns in each blue oak site, and 
plant them early in the season, before mildew attacks elongated radicles. 
 
Analysis by planting date and correlation with rain periods may help increase efficiency of planting. Our 
trial and error approach through this decade has led us to conclude that most of our current procedures 
are effective for a regeneration program of our size and budget in our environment. We welcome 
suggestions that may improve our results, and we will be happy to discuss our methods in more detail 
and provide field visits for those interested in our oak regeneration activities. 
 



This winter, the City of Roseville is undertaking a native oak tree planting proj ect. Using a mixture of acorns, seedlings, and container 
plants, 7,700 native oaks will be planted in several open space areas throughout the City for a total of over 30 acres (see map on re-
verse). Roseville’s urban forest will see tremendous benefit from this project with increased wildlife habitat enhancement, CO2  
reduction, air quality improvement, and reduced stormwater runoff. 

Why is the City undertaking this project? 
Enhancing and growing Roseville’s urban forest and providing additional recreation and aesthetic value for the residents of Roseville is an 
important goal of the City’s Parks & Recreation Department. The City has a Native Oak Tree Ordinance that requires mitigation, or replace-
ment of native oak trees that have been removed due to development projects.  Onsite replacement is the preferred method, however in 
some cases where onsite plantings are not feasible, the developer may pay an in-lieu fee to the City’s Native Oak Tree Mitigation Fund.  

How was this project planned and by whom? 
In March of this year, the City issued a Request For Proposal (RFP) open to restoration and landscape contractors. This RFP was devel-
oped with the help of a qualified restoration biologist with the goal of identifying suitable sites and appropriate numbers of oak trees 
to be planted at each location.  Through this process the City identified seven priority planting sites within the City’s Open Space and 
Park areas. Sites and planting numbers were recommended based on soil surveys, the availability of irrigation water, existing open space 
canopy, and aesthetic value for residents. EcoSystems Restoration Associates, an experienced restoration contractor, was awarded the 
project and is being overseen by the City’s Urban Forester, Michael Neumann, who is also experienced in oak woodland restoration. 

How long will the project take to complete? 
Residents living near the affected open space areas may see workers planting through January 2008. After the initial planting,  
maintenance, including irrigation and weed control, will occur during the three-year establishment period, followed by two years of 
monitoring the condition and health of the seedlings. 

Why so many trees? 
Over the years, several of the planted trees may not survive so higher quantities of trees planted means a higher survival rate overall. The 
majority of the trees to be planted are seedlings, and survivorship of 80% at the end of the five years is typical for trees of this size. Seedlings 
were chosen for the majority because the larger the tree is at planting, the longer the establishment period. While larger-sized container 
plants offer greater height and width at planting, they are much more expensive and the differences in initial size are generally lost following 
establishment. Studies demonstrate that trees from larger stock have a decreased growth rate when compared with those of smaller stock. 
Other reasons for oak tree mortality include herbivory by rodents and other mammals, competition from non-native grasses, and vandalism. 

Is all the irrigation really necessary? 
To increase the tree survivorship rates, we are supplementing the plantings with temporary irrigation. Seedlings grown under a well planned 
irrigation program have been shown to have lower mortality, better overall health, and more robust growth as compared to their non-
irrigated counterparts. The white irrigation pipes may be painted to blend with the surrounding environment if the existing grasses and veg-
etation do not cover the pipes on their own by Spring 2008. The irrigation will be completely removed by the end of the five year project.

How were residents notified of this project? 
During the week of October 22nd over 1,200 postcards with project information were mailed to residents within the vicinity of the planting 
sites. An article has also been posted on the City’s home page since early October. In addition, an article was published in the current issue of 
Roseville Reflections, the City of Roseville newsletter,  which comes as an insert in the Press Tribune and is also available at various City facilities. 

How is this project funded? 
This planting project is funded by the Native Oak Tree Mitigation Fund, which collects in-lieu fees paid by development projects where 
onsite replanting of native oak trees is not feasible. Since it’s inception in 1993 a significant amount of mitigation funds have been col-
lected. By law, these funds can only be used for native oak tree mitigation. There will be no fiscal impact to the City’s General Fund.

How can residents help? 
These seedlings are being planted to restore and replace the habitat of animals disturbed during development of new communities. 
Planting these trees will benefit both animals and residents of the community. The project will be more successful with the support and 
protection of residents who frequent the planting areas. Vandalism of the irrigation system and seedlings could destroy the trees, which 
would require replanting new seedlings and additional maintenance and monitoring. Please report any vandalism activities to the Parks 
Division at the number below. 

For more information, contact the Parks & Recreation Department at 774-5748 or  
www.roseville.ca.us/parks.

Native Oak Tree Planting Project
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Native Oak Tree Planting 2007-08

During Planting

Post Planting - 6 months
This photo shows another site within six months of 
the initial planting. Vegetation has grown up around 
the irrigation pipes. 

Note: The green plastic tree shelters shown in this 
picture will not be used in Roseville’s tree planting 
project.  

This photo shows the Maidu Regional Park planting 
site during the planting phase. 

The white irrigation pipes visible in this photo may 
be painted if the vegetation does not cover them 
naturally. 

Following planting, the flag markers and piles of soil 
and mulch will be removed. 

Post Planting - 3 years

This photo shows another site three years following 
the planting.



Factors Limiting Recruitment in Valley and 
Coast Live Oak1 
 

Claudia M. Tyler,2 Bruce E. Mahall,3 Frank W. Davis,4 and Michael 
Hall5 

 
Abstract 
The Santa Barbara County Oak Restoration Program was initiated in 1994 to determine the 
major factors limiting recruitment of valley oak (Quercus lobata) and coast live oak (Q. 
agrifolia). At Sedgwick Reserve in Santa Barbara County, California, we have replicated 
large-scale planting experiments in four different years to determine the effects of cattle and 
other ecological factors on oak seedling establishment in oak savannas and woodlands. In 33 
large experimental plots (50 x 50 m) we planted acorns collected from Q. lobata and Q. 
agrifolia on the site. Fifteen of these large plots are controls, open to grazing, fifteen exclude 
cattle with the use of electric fence, and three are ungrazed in large ungrazed pastures. Within 
the plots, experimental treatments included: 1) protection from small mammals such as 
gophers and ground squirrels, 2) protection from large animals such as cattle, deer, and pigs, 
and 3) no protection from mammalian grazers. In winters 1997, 1998, 2000, and 2001, we 
planted approximately 1,000 acorns of each species. Results confirm that seed predation and 
herbivory by small mammals are a significant “bottleneck” to oak seedling recruitment on the 
landscape scale. Comparing results among years indicates that lack of late winter rainfall can 
significantly reduce oak emergence and establishment. Survivorship of protected acorns and 
seedlings is comparable in grazed and ungrazed areas. 
 

 

Introduction 
Oak woodland and savanna habitats, among the most diverse communities in 

North America, have suffered significant losses in the past century (Bolsinger 1988), 
primarily due to agricultural conversion and urban development. In addition, natural 
regeneration of the keystone species (in the genus Quercus) of these systems appears 
to be insufficient to maintain current populations. Many reasons for this lack of 
recruitment have been proposed including: 1) intense browsing of saplings and 
seedlings from large mammals (both deer and introduced cattle) (Griffin 1971); 2) 
acorn predation by cattle, deer, ground squirrels and others (up to 100 percent 
predation in some cases) (Borchert and others 1989); 3) trampling by cattle (Griffin 
1973); 4) underground root attack from fossorial rodents (primarily gophers); 5) 

                                                 
1 An abbreviated version of this paper was presented at the Fifth Symposium on Oak Woodlands: Oaks 
in California's Changing Landscape, October 22-25, 2001, San Diego, California. 
2 Assistant Research Scientist, Institute for Computational Earth System Science, University of 
California, Santa Barbara, CA 93106 (e-mail: tyler@lifesci.ucsb.edu) 
3 Professor, Department of Ecology, Evolution, and Marine Biology, University of California, Santa 
Barbara, CA 93106. 
4 Professor, Donald Bren School of Environmental Science and Management, University of California, 
Santa Barbara, CA 93106. 
5 Beef Specialist, Animal Science Department, Cal Poly State University, San Luis Obispo, CA. 
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competition with exotic annual grasses for water (Danielson and Halvorson 1991); 
and 6) soil compaction by cattle (Braunack and Walker 1985). 

More than 75 percent of oak woodland in California is grazed by cattle, making 
cattle the most pervasive anthropogenic influence on these ecosystems. Thus, the 
effects of cattle grazing must be a central theme in a comprehensive investigation of 
natural regeneration and restoration in today’s oak savanna/woodland communities. 
Although cattle have been implicated as a primary cause of the failure of natural oak 
recruitment (Griffin 1973), their effects are clearly not straightforward. Even in areas 
that have not been grazed by cattle for almost 60 years (e.g., the U.C. Hastings 
Reserve), there is still a lack of significant oak regeneration. 

The Santa Barbara County Oak Restoration Program was initiated in 1994 with 
the goals of determining the major factors limiting recruitment by valley oak 
(Quercus lobata), and coast live oak (Q. agrifolia). and identifying cost-effective 
techniques for large-scale oak restoration in grazed savannas. The primary foci of this 
program are the effects of cattle, small mammals, and interannual weather variations. 
Here we present preliminary results from four years of experimental plantings in this 
long-term oak regeneration program. 

 

Methods 
Research was conducted on the Sedgwick Reserve, a 5,883-acre (2,382-ha) 

ranch located in the Santa Ynez Valley in Santa Barbara County, California. The 
climate is Mediterranean, with hot dry summers and cool wet winters. Mean annual 
rainfall is 397 mm. Total precipitation (as recorded at the nearest National Weather 
Service recording station) for the rain years 1996-1997, 1997-1998, 1998-1999, 
1999-2000, and 2000-2001 was 298 mm, 828 mm, 309 mm, 387 mm, and 649 mm, 
respectively. Under a cooperative grazing agreement with the College of Agriculture 
at California Polytechnic University, San Luis Obispo, students and faculty from Cal 
Poly maintained and cared for the cattle herd at Sedgwick, and assisted with the 
application of grazing treatments in our experiments. 

Our large experimental plots were 50 x 50 m. Fifteen of these large plots were 
controls, open to grazing, and fifteen excluded cattle with the use of electric fence. 
These plots were established in 1995. They were chosen as pairs, with one randomly 
selected to be fenced to exclude cattle. In addition, three single 50 x 50 m plots were 
established in 1996 in three large ungrazed areas. 

Within the plots, experimental treatments included: 1) protection from small 
mammals such as gophers and ground squirrels (fig. 1a), 2) protection from large 
animals such as cattle, deer, and pigs (fig. 1b), and 3) no protection from mammalian 
grazers (fig. 1c). Large cages were constructed of 4 ft high, 2 x 4 inches mesh 
galvanized wire (12 gauge); they were round (diameter = 18 inches) and supported at 
one side with a 5 ft t-post, and at the other side with a 4 ft rebar. Smaller cages to 
exclude small mammals were cylinders constructed of 3 ft high hardware cloth (mesh 
size = 0.5 inches); they were sealed at both ends with aviary wire. In positions with 
cages (small mammal exclusion), the cages were set 12 inches into the ground. Each 
of these treatments was replicated five times within each plot for each species. 
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Figure 1—Treatments used for acorn plantings. A: caged and fenced to prevent 
grazing and herbivory by both large and small mammals (this treatment is referred to 
as “no rodents”). B: fenced to prevent grazing by large animals. C: open. These 
treatments are replicated in both 1) plots that are grazed by cattle and 2) plots that 
are fenced to exclude cattle. 
 
 

Following the onset of consistent seasonal rains (December or January), at each 
planting location holes were augured to a depth of 12 inches, soil replaced and two 
viable acorns planted 1-2 inches below the soil surface. We planted acorns collected 
from Quercus lobata and Q. agrifolia on the site in the fall of the same year. Prior to 
planting, acorns were placed into buckets of water. Acorns that floated were 
discarded; we planted only acorns that sank and appeared viable. Acorns and 
seedlings did not receive supplemental watering through artificial irrigation. 

In winters of four years, 1996-1997, 1997-1998, 1999-2000, and 2000-2001, we 
planted approximately 1,000 acorns of each species. In 1996-1997, and 1997-1998, 
we planted in all 33 plots. In January 1998 (El Niño year), the trees in the middle of 
two of these plots were blown over. The broken trunks and downed large limbs made 
future planting in these plots unfeasible. Because the plots are paired, we removed 
the two sets of plots (total of four) from additional planting experiments, reducing the 
number of plots in 1999-2000, and 2000-2001 to 29: 13 fenced, 13, unfenced, and 3 
in large ungrazed pastures. 

 

Results 
2000-2001 Planting 

Grouping all treatments, 17 percent of Q. lobata seedlings emerged, and 26 
percent of Q. agrifolia. There were striking differences in emergence rates among 
experimental treatments (fig. 2). The highest seedling emergence was found in 
locations that were protected from both rodents and large grazers. It appears that 
there were no differences in initial emergence rates in large grazed versus ungrazed 
plots, indicating that cattle grazing did not affect emergence of oak seedlings. At 

USDA Forest Service Gen. Tech. Rep. PSW-GTR-184. 2002. 567 



Factors Limiting Valley and Coast Live Oak Recruitment—Tyler, Mahall,  
Davis, and Hall 

present, grouping all treatments, there are 405 newly emerged seedlings from the 
2000-2001 plantings (160 Q. lobata and 245 Q. agrifolia). 
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Figure 2—Total percent emergence of seedlings planted in 2000-2001 with various 
levels of protection from herbivores. Data are from May/June 2001. 
 
1999-2000 Planting 

The highest emergence and survivorship has been for seedlings that are 
protected from small mammals (fig. 3). However, mortality of 1-year-old seedlings, 
especially Q. agrifolia, has occurred over the past year. It appears that there was 
relatively higher mortality for both species in the large ungrazed plots. In terms of 
actual seedling numbers, there are currently 337 established 1-year-old seedlings 
(273 Q. lobata, and 64 Q. agrifolia). Fifty percent of these seedlings are in the 
treatment protected from rodents. 
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Figure 3—Percent survivorship of 1-yr-old seedlings (planted in 1999-2000) in large 
plots grazed by cattle, vs. those fenced to exclude cattle. Data are totals for three 
experimental treatments (fig. 1) for two sampling dates 
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1997-1998 Planting 

The highest seedling/sapling establishment rates are for those protected from 
small mammals (fig. 4). In nearly all treatments highest mortality thus far appears to 
have occurred in the first season after emergence. However, it is interesting to note 
that there was higher mortality for both species in the plots that have been ungrazed 
(see “no rodent treatment,” fig. 4). In terms of actual seedling numbers, there are 
currently 526 established three-year-old seedlings (300 Q. lobata, and 226 Q. 
agrifolia). Sixty-seven percent of these seedlings are in the treatment protected from 
rodents. 
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Figure 4—Percent survivorship of 3-yr-old seedlings (planted in 1997-98) in large 
plots grazed by cattle, vs. those fenced to exclude cattle. Data are totals for three 
experimental treatments (fig. 1) for five sampling dates. 
 
 
1996-1997 Planting 

Out of 2,112 acorns planted in 1996-1997, a total of 13 four-year-old established 
seedlings have survived, or less than 1 percent of each species planted (table 1). 
There are presently 4 four-year old Q. agrifolia seedlings, and 9 four-year old Q. 
lobata. Our results suggest that the treatment that was most successful in terms of oak 
establishment was that which excluded small mammals. There are no seedlings 
surviving from the 1996-1997 planting that were in the open. 
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Table 1—Percent survival of seedlings of each species in each age class to June 2001 (all 
treatments combined). No acorns were planted in 1998-1999 because acorns were 
unavailable. 
 
  Planting year  
 1996-1997 1997-1998 1998-1999 1999-2000 2000-2001 
Quercus lobata 0.9 21.6 - 29.4 17.2 
      
Quercus agrifolia 0.4 16.3 - 6.9 26.4 
      
No. planted per sp 1,056 1,386  928 928 
 
 
 
Discussion 

Results from our four large-scale planting experiments indicate that several 
factors play a role in limiting or promoting seedling recruitment of oaks, most 
notably rainfall and herbivory by small mammals. Abundant rainfall in late winter, as 
seen in the El Niño year 1997-1998, can significantly enhance emergence and 
survivorship, while very low rainfall, as seen in 1996-1997, results in low seedling 
numbers. The effects of annual variation in precipitation levels, which are directly 
related to soil-moisture levels, on oak establishment have been described in previous 
studies. Griffin (1971) proposed that reduced rainfall greatly reduced establishment 
of blue and valley oak in central California. Plumb and Hannah (1991) concluded 
that low rainfall was the primary cause for poor success in regeneration work with 
coast live oak. In our study, which aims to determine cost-effective methods for oak 
restoration on a large landscape scale, plants have not been artificially watered 
because a) irrigation is expensive and may be economically infeasible on a large 
scale, and b) the long-term survivorship of saplings following weaning of 
supplemental watering is unknown. However, it is clear that adequate rainfall in the 
first year after planting will directly affect the success of restoration efforts. 

As observed in all four planting years, at all planting sites, in both grazed and 
ungrazed plots, and for both oak species, seed predation and herbivory by small 
mammals (most likely gophers and ground squirrels, both of which are abundant at 
the site) significantly reduces oak seedling recruitment. The role of small mammals 
in oak seedling mortality has been suggested by a number of studies (e.g., Adams and 
others 1987, Adams and others 1997, Berhardt and Swiecki 1997, Borchert and 
others 1989, Davis and others 1991, Griffin 1976, McCreary and Tecklin 1997). 
However, in cases where seedlings are protected from herbivory with the use of 
window screening or tree shelters, it is difficult to separate the effects of small 
mammals from insects, since these treatments exclude both. The present study 
indicates that small mammals play a major role in limiting recruitment of valley and 
coast live oak. 

Finally, although there appears to be no difference in initial seedling emergence 
in large grazed vs. ungrazed plots, our results suggest that there may be higher 
mortality in ungrazed plots. These latter plots, which have been ungrazed since 
January 1995, now have dense herbaceous vegetation. It is possible that this thick 
cover of thatch and grasses either 1) negatively affected the oak seedlings directly by 
competing for water (Gordon and Rice 1993), or 2) attracted higher densities of 
herbivores. We believe that the higher mortality was due to the latter, in particular 
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herbivory by insects. This past summer (2001) we observed an outbreak of 
grasshoppers at our site, and many of our seedlings, in all treatments, were defoliated. 
Previous studies have found that reducing cover of grasses, either by weeding or 
grazing, significantly enhanced emergence or survivorship in oaks (Adams and others 
1997, Berhardt and Swiecki 1997, McCreary and Tecklin 1997). While reduced 
competition was one outcome of these treatments, several studies note that weed 
control also reduced damage by animals that are attracted to thick herbaceous cover, 
such as voles (Bernhardt and Swiecki 1997) and grasshoppers (McCreary and 
Tecklin 1994). 
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a) For purposes of this section, "oak" means a native 
tree species in the genus Quercus, not designated as Group A or Group 
B commercial species pursuant to regulations adopted by the State 
Board of Forestry and Fire Protection pursuant to Section 4526, and 
that is 5 inches or more in diameter at breast height. 
   (b) As part of the determination made pursuant to Section 21080.1, 
a county shall determine whether a project within its jurisdiction 
may result in a conversion of oak woodlands that will have a 
significant effect on the environment. If a county determines that 
there may be a significant effect to oak woodlands, the county shall 
require one or more of the following oak woodlands mitigation 
alternatives to mitigate the significant effect of the conversion of 
oak woodlands: 
   (1) Conserve oak woodlands, through the use of conservation 
easements. 
   (2) (A) Plant an appropriate number of trees, including 
maintaining plantings and replacing dead or diseased trees. 
   (B) The requirement to maintain trees pursuant to this paragraph 
terminates seven years after the trees are planted. 
   (C) Mitigation pursuant to this paragraph shall not fulfill more 
than one-half of the mitigation requirement for the project. 
   (D) The requirements imposed pursuant to this paragraph also may 
be used to restore former oak woodlands. 
   (3) Contribute funds to the Oak Woodlands Conservation Fund, as 
established under subdivision (a) of Section 1363 of the Fish and 
Game Code, for the purpose of purchasing oak woodlands conservation 
easements, as specified under paragraph (1) of subdivision (d) of 
that section and the guidelines and criteria of the Wildlife 
Conservation Board. A project applicant that contributes funds under 
this paragraph shall not receive a grant from the Oak Woodlands 
Conservation Fund as part of the mitigation for the project. 
   (4)  Other mitigation measures developed by the county. 
   (c) Notwithstanding subdivision (d) of Section 1363 of the Fish 
and Game Code, a county may use a grant awarded pursuant to the Oak 
Woodlands Conservation Act (Article 3.5 (commencing with Section 
1360) of Chapter 4 of Division 2 of the Fish and Game Code) to 
prepare an oak conservation element for a general plan, an oak 
protection ordinance, or an oak woodlands management plan, or 
amendments thereto, that meets the requirements of this section. 
   (d) The following are exempt from this section: 
   (1) Projects undertaken pursuant to an approved Natural Community 
Conservation Plan or approved subarea plan within an approved Natural 
Community Conservation Plan that includes oaks as a covered species 
or that conserves oak habitat through natural community conservation 
preserve designation and implementation and mitigation measures that 
are consistent with this section. 
   (2) Affordable housing projects for lower income households, as 
defined pursuant to Section 50079.5 of the Health and Safety Code, 
that are located within an urbanized area, or within a sphere of 
influence as defined pursuant to Section 56076 of the Government 
Code. 
   (3) Conversion of oak woodlands on agricultural land that includes 
land that is used to produce or process plant and animal products 
for commercial purposes. 
   (4) Projects undertaken pursuant to Section 21080.5 of the Public 
Resources Code. 
   (e) (1) A lead agency that adopts, and a project that 



incorporates, one or more of the measures specified in this section 
to mitigate the significant effects to oaks and oak woodlands shall 
be deemed to be in compliance with this division only as it applies 
to effects on oaks and oak woodlands. 
   (2) The Legislature does not intend this section to modify 
requirements of this division, other than with regard to effects on 
oaks and oak woodlands. 
   (f) This section does not preclude the application of Section 
21081 to a project. 
   (g) This section, and the regulations adopted pursuant to this 
section, shall not be construed as a limitation on the power of a 
public agency to comply with this division or any other provision of 
law. 
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Ecological importance of California oak woodlands 
Vegetation types dominated by oak trees cover about 4 million hectares in  
California (Bolsinger 1988), or roughly 10% of the state’s land area. 
These  
extensive oak woodlands serve a number of important ecological functions. 
Oak  
woodlands play a critical role in protecting soils from erosion and 
landsliding,  
regulating water flow in watersheds, and maintaining water quality in 
streams  
and rivers. Oak woodlands also have higher levels of biodiversity than 
virtually  
any other terrestrial ecosystem in California. At least 300 terrestrial  
vertebrate species (Block, Morrison, and Verner 1990), 1,100 native 
vascular  
plant species (CalFlora Database 1998), 370 fungal species and an 
estimated  
5,000 arthropod species (Swiecki et al. 1997a) are associated with 
California  
oak woodlands. 
More than twenty-five oak species, natural hybrids, and varieties are 
native to  
California. California oaks also occur as components in desert plant 
communities  
and conifer-dominated montane and forest ecosystems. In this chapter, our  
discussion is limited to the low elevation oak woodlands of valleys and  
foothills. In these regions, almost all precipitation falls between 
September  
and May and seasonal totals vary from about 27 cm in the driest woodlands 
to 93  
cm or more in the more mesic areas. Winter temperatures only occasionally 
drop  
to or below freezing. Summer temperatures are moderate near the coast, 
but most  
inland areas are subject to intermittent summer temperatures above 38 C. 
The  
dominant oaks in these areas are valley oak (Quercus lobata), blue oak 
(Q.  
douglasii), interior live oak (Q. wislizeni) and coast live oak (Q. 
agrifolia).  
Engelmann oak (Q. engelmannii) replaces blue oak in southern California.  
Loss of oak woodlands 
California’s oak woodlands have been dramatically reduced in extent over 
the  
past 230 years. European and later American settlers greatly reduced 
woodland  
cover, most dramatically in the first 50 years after the discovery of 
gold in  



California in 1848. Several oak species were extensively harvested for 
fuelwood  
and charcoal production, but most California oaks had little or no 
commercial  
value as timber. Widespread destruction of oak woodlands to clear land 
for more  
profitable uses has been an accepted practice which continues to the 
present day  
in many areas. Clearing for intensive agriculture, rangeland 
"improvement", and  
urban development have eliminated oak woodlands from much of their former 
range.  
Stringers of oaks along creeks and occasional oaks scattered in 
agricultural  
fields and on grassy hillsides sometimes provide the only hints of the 
extent of  
former woodlands. 
Biotic and physical characteristics of former and extant woodlands have 
also  
been changed from their presettlement condition. Numerous plant and 
animal  
species have been irrevocably lost, while many nonindigenous plant and 
animal  
species have become so widespread that their eradication is impossible. 
Although  
many native species are still present in these degraded ecosystems, the  
herbaceous layer has become dominated by nonindigenous annual grasses and 
forbs.  
Grazing and clearing have increased soil compaction and erosion. In some 
areas,  
hydraulic mining removed entire hills and redeposited their contents 
downstream.  
Dams have flooded tens of thousands of hectares of oak woodland and have 
changed  
historic water tables and flooding regimes under which riparian oak 
forests  
developed. Groundwater pumping and accelerated streambed incision have 
also  
lowered water tables in valleys. 
Although all oak woodland types have been affected by the changes brought 
about  
by European settlement, woodlands dominated by blue, valley, and 
Engelmann oak  
have been the most adversely affected. For all of these species, losses 
due to  
clearing for agriculture, urbanization, and fuelwood have been compounded 
by  
regeneration failure within existing stands. Sapling populations in many 
oak  
woodlands are insufficient to offset mortality and maintain current stand  
densities (Bolsinger 1988, Swiecki et al. 1997c). Without natural 
regeneration,  
woodlands have gradually thinned to open oak savannas, which in turn are  



converted to grasslands dominated by nonindigenous annuals. Studies of 
the age  
structure of various oak stands indicate that most existing woodlands are  
composed primarily of second growth that established between the 1850s 
and the  
first decades of the twentieth century (e.g., Mensing 1992). Widespread  
suppression of oak regeneration, especially in blue oak woodlands, is a  
relatively recent phenomenon that is largely restricted to lands that 
have been  
used for livestock range for many years (Swiecki and Bernhardt 1998).  
The need for oak woodland restoration is a consequence of past and 
current  
management practices that have degraded or destroyed these ecosystems. 
Thus,  
restoration and management of oak woodlands are inseparably linked. For 
either  
oak woodland restoration or sustainable management of existing woodlands, 
we  
must answer the following questions: 
  What do you have? What is the condition of the existing ecosystem and 
how did  
  it come to its current state?  
  What do you want? What outcomes for the ecosystem are both attainable 
and  
  ecologically appropriate?  
  How do you get what you want? What inputs and techniques can be applied 
to  
  achieve restoration / management goals?  
  Are you getting what you want? How do we assess the success of 
restoration /  
  management efforts?  
In this paper, we will consider the theoretical basis for addressing 
these four  
questions. We will also discuss practical applications of the principles 
that  
follow from these theoretical considerations. 
What do you have? - Past and present vegetation and management 
Restoration logically begins with an understanding of the condition of 
the  
resource and the management history that has brought it to its current 
state. 
1. What is the current composition of the vegetation? Current vegetation 
is the  
starting material of a restoration project and may include desirable 
species to  
be favored as well as undesirable species to be suppressed or eradicated.  
2. What was the nature of the former woodlands? Historical photos, 
accounts, and  
herbarium specimens can be used to gain insight into the former character 
of the  
woodlands, but it is impossible to definitively reconstruct the 
presettlement  
oak woodland vegetation. Nonindigenous plants introduced by the earliest  



European explorers and early Spanish colonists had become widespread 
before the  
1850s, and much of the original oak woodland canopy was cut or burned off 
by the  
1890s. For most California oak woodlands, the earliest aerial photography 
dates  
to the 1930s and very little ground-level photography was taken before 
the  
1880s. Thus, the photographic record begins after major changes were 
completed.  
Earlier written accounts can add some information, but specific details 
on the  
floristic composition of oak woodlands are rare. 
3. How have management practices and other human activities shaped 
current site  
conditions? Although information gaps will typically exist, historical 
site  
analysis can reveal important details about the succession of human 
impacts that  
have shaped the current landscape. Because site specific historical data 
is  
difficult to obtain, it is often necessary to rely on more regional 
historical  
information. However, the history of land ownership and management for 
many  
parcels is so complex that one should generally not assume that past 
management  
has been uniform across wide areas. 
The analysis of past and current vegetation and management can help one  
determine what outcomes are possible for a site, and what inputs may be  
necessary to achieve these outcomes. A key question to be addressed in 
this  
analysis is whether a site can still support the type of woodlands that 
were  
historically present. For example, valley oak is found where its roots 
access  
relatively shallow water tables or exploit a large reservoir of available  
capillary water stored in the soil profile. In historic valley oak sites 
where  
precipitation and soil available water holding capacity are low, 
significant  
lowering or elimination of shallow water tables may render the site 
unsuitable  
for this species. 
What do you want? 
Goals for oak woodland restoration 
The overall goal of ecological restoration is to return an ecosystem to a 
former  
condition that includes the entire complement of plants and animals and 
the  
dynamic processes found in the naturally-occurring state. Presettlement  
conditions are the benchmark for the natural state, but we cannot define 
these  



conditions with certainty. While we remain unsure about the natural 
condition of  
the oak woodlands and the processes that maintained them, we can be 
fairly  
certain that restoring these woodlands to the presettlement state is 
virtually  
impossible. Thus, the goals we set for oak woodland restoration and 
management  
must be more modest than the goal of complete ecological restoration. The  
following goals are attainable because they acknowledge limitations due 
to the  
current degree of ecological degradation and our lack of knowledge about 
the  
pristine ecosystem.  
1. Reestablish appropriate oak species in areas that did or could have 
supported  
oak woodlands previously and are now capable of supporting this 
vegetation type. 
2. Establish sustainable populations of historically known and likely 
indigenous  
plant species and associations within oak woodlands. 
3. Manage remnant oak woodlands and restored stands to permit natural  
regeneration and maximize the cover and dominance of indigenous plant 
species  
while minimizing the cover of nonindigenous species. 
4. Promote reestablishment of natural biotic systems, including 
interacting  
microbial, invertebrate, and vertebrate communities, within restored 
woodlands. 
Ultimately, all four goals should be met in a successful restoration. 
However,  
it may not be possible to effectively address all goals in the initial 
phase of  
a restoration project. Because oaks provide structure and canopy 
influence that  
drives both vegetation and wildlife dynamics in oak woodland ecosystems,  
establishing oak canopy is usually the initial goal addressed in a 
restoration  
project.  
Prioritizing restoration sites 
Although the need for oak woodland restoration is great, financial 
resources  
available for undertaking oak woodland restoration will always be 
limited. To  
make the best use of limited resources, it is desirable to compare the 
costs and  
benefits of potential project locations and technical approaches. Such an  
analysis would ideally be done on a regional basis, but issues of land  
ownership, land use, and sources of funds immediately pose constraints 
that  
restrict site consideration. Consequently, prioritization is typically 
conducted  
among lands under a common ownership (e.g., by a public park district) 
and on  



individual parcels.  
Potential restoration sites can be prioritized according to existing oak  
resources, site quality, project benefits, and long-term sustainability. 
These  
criteria take into account the relationship of the restored area to the  
landscape in which it exists, and how it will influence or be influenced 
by  
existing oak woodlands in the area.  
1. Presence of oaks on the site and proximity to existing woodlands. 
Existing  
woodlands and oaks in and near restoration sites are a likely source of  
locally-adapted plant germplasm as well as a potential reservoir of other  
organisms endemic to oak woodlands. Seeds and other propagules of 
understory  
plants from adjacent oak woodlands can be transported to restoration 
sites  
through the action of animal vectors, wind, and water. The passive 
movement of  
native nonvascular plants, lichens, fungi, actinomycetes, and bacteria 
into the  
restoration site is also favored if oak woodlands adjoin the restoration 
site.  
2. Site quality. Site quality is the ability of a site to support oak  
establishment and growth. Site quality is primarily related to physical 
factors  
such as soils, climate, hydrology, and topographic position. However, oak  
survival and growth are also constrained by competing vegetation, 
herbivores,  
and disturbance factors that affect overall site quality for restoration  
purposes. Faster establishment of oak woodlands can be achieved by 
focusing  
initial restoration efforts on high quality sites. Furthermore, 
restoration  
costs are normally lower per unit area on high quality sites than on low 
quality  
sites. 
3. Site-specific benefits. Ecological, societal, and economic benefits 
provided  
by oak woodland restoration can vary greatly between sites. Depending on 
soil  
type and topography, benefits such as erosion protection and soil 
stabilization  
may be significant or not. Restoration projects near migration corridors 
or  
critical habitat for species of special concern may provide greater 
benefits for  
wildlife habitat. Restored woodlands near urban areas may provide more 
direct  
benefits to human populations (recreation, modification of urban 
climates,  
hydrologic effects) than woodlands in remote areas. 
4. Likelihood of long-term sustainability. Restored woodlands that will 
require  



few or no additional inputs after the original project will typically 
provide  
maximum benefits for minimum cost. Overall, prospects for sustainability 
result  
from a combination of site qualities (e.g., existing populations of 
understory  
plants), management (e.g., grazing practices), and land ownership and use 
that  
confer a degree of long-term stability (e.g. natural reserves or park 
lands).  
Reserves owned by public agencies or private land conservation 
organizations may  
ensure long-term protection against changes in land use, but projects on 
these  
lands may not be self-sustaining over the long term if management 
practices are  
poor or site quality is marginal. 
How do you get what you want? 
Factors that constrain regeneration 
Oak woodland restoration is necessary where natural regeneration has 
failed in  
the past or is currently failing. The first task in planning a 
restoration  
project is a site analysis to determine what factors are constraining 
natural  
regeneration of oaks and associated plants. Suitable sites for 
restoration are  
those in which site management has inhibited oak woodland regeneration 
but  
edaphic and climate factors are not critically limiting for seedling  
establishment. 
The influence of management on oak reproduction is illustrated by the 
fact that  
oak seedlings volunteer readily in horticultural landscapes and along 
roadsides  
beyond pasture fences. These environments constitute safe sites for oak  
reproduction. Many of the numerous differences that exist between 
adjacent  
garden and rangeland environments are directly related to the ease with 
which  
oak seedlings establish in the former environment but not the latter.  
Differences in acorn dispersal, seedbed conditions, herbivory, soil 
moisture,  
shading, and fire frequency influence seedling establishment. As 
discussed  
below, one or more of these factors may critically constrain natural  
regeneration at a restoration site. 
Acorn dispersal 
Most acorns that fall land under or near maternal tree canopy. If seedbed  
conditions are favorable, some of the acorns that are not eaten or 
carried off  
by animals will germinate and become part of a persistent seedling bank. 
In blue  
oak (Swiecki and Bernhardt 1998) and probably other California oaks, this  



seeding advance regeneration is suppressed by overstory trees. Although 
such  
seedlings can persist many years in the understory, they are not 
recruited to  
sapling or tree size classes unless overstory competition is reduced 
though  
decline, mortality, or removal of the oak overstory. Hence, gap-phase  
replacement is a primary mode of reproduction in at least some California 
oaks. 
Establishment of oak seedlings well beyond the maternal canopy depends 
primarily  
on dispersal by animals. The California scrub jay (Aphelocoma 
californica) is  
probably the most important acorn vector due to its abundance, wide  
distribution, and ability to cache thousands of acorns in a season. 
Because  
scrub jays typically bury their acorns in sites with loose soil and/or a 
layer  
of organic debris, unrecovered acorns are well-positioned to germinate 
and  
develop into seedlings. Scrub jays do not randomly place acorns in 
grasslands,  
but typically cache acorns near landmarks such as fencelines, rock 
outcrops,  
trees, and shrubs. Hence, reinvasion of grasslands by oaks can be limited 
in  
part by a lack of acorns.  
In riparian systems, floodwaters may also be an important means of long-
distance  
dispersal. Dam construction has eliminated annual flooding events from 
most  
California rivers, largely eliminating flood flows as a major acorn 
dispersal  
method. 
Seedbed conditions 
Most California oaks do not require stratification and begin to germinate 
as  
soon as moisture is available in the autumn. However, acorns may fall 
several  
months before the onset of the winter wet season. Unless acorns are 
buried or  
protected by leaf litter, they desiccate and lose viability during the 
warm dry  
conditions typical of late summer and autumn. In nongrazed woodlands, a  
substantial layer of organic debris accumulates on the soil surface 
beneath oak  
canopies. Acorns falling from the canopy readily penetrate into this duff 
layer  
where they are largely protected from desiccation, overheating, and to 
some  
degree, from vertebrates. Because long-term grazing reduces or eliminates 
the  
litter layer beneath trees and compacts soils, most acorns in grazed 
lands  



remain exposed on the soil surface where they desiccate or are consumed 
by  
livestock and other vertebrates. Sudworth (1908) noted that poor seedbed  
conditions inhibited reproduction of several oak species in both grazed 
and  
agricultural lands. 
Herbivory 
Herbivory can severely limit the growth and survival of oak seedlings and  
saplings. Livestock, deer, and rodents all have the potential to limit or  
eliminate oak reproduction, but the relative importance of each herbivore 
varies  
by location. Livestock, most commonly cattle, are the most important 
herbivore  
limiting oak regeneration over the greatest proportion of California’s 
oak  
woodlands. Browsing and trampling by cattle shortens the life of 
individual  
seedlings and can deplete or eliminate understory advance regeneration. 
Cattle  
browsing can also indefinitely suppress the growth of seedlings located 
beyond  
the canopy that would otherwise recruit to sapling and tree size classes. 
By  
prolonging the period that juvenile oaks remain in small size classes, 
herbivory  
increases the susceptibility of oak regeneration to both subsequent 
herbivory  
and fire. The impact of livestock herbivory varies somewhat by species. 
The less  
palatable evergreen oaks Q. agrifolia and Q. wislizeni are less severely 
browsed  
than valley oak and blue oak. 
Gophers, ground squirrels, and voles can kill juvenile oaks by chewing 
and  
girdling stems. Elimination of predators and alterations in vegetative  
composition and structure can increase rodent populations to the point 
that they  
can inhibit oak reproduction. Rodent populations vary spatially and can  
fluctuate from year to year due to habitat conditions, predators, and 
pathogens.  
Because rodents are not problems at all locations, observations at the  
restoration site are needed to determine whether rodent herbivory is 
likely to  
be a significant constraint. Insects, particularly grasshoppers 
(Melanoplus  
spp.) sometimes cause significant damage to young oak seedlings, but 
insect  
herbivory is not usually a severe constraint to oak reproduction (Swiecki 
et al.  
1991). 
Soil moisture 
Water stress associated with summer drought also limits oak seedling 
survival  



and growth. Water stress effects are most acute at the early seedling 
stage. As  
oak seedlings become established and develop an extensive root system, 
water  
stress is less likely to cause mortality, although it may limit growth 
rates and  
thereby prolong the period during which seedlings are susceptible to 
herbivores  
or fire. Seedling tolerance to water stress varies between oak species.  
Vegetation influences the level of water stress to which oak seedlings 
are  
exposed in several ways. Overstory and understory plants compete with oak  
seedlings for available soil moisture. Overstory and tall understory 
species can  
also shade oak seedlings, elevate relative humidity, and reduce 
temperature and  
wind speed, thereby reducing evapotranspiration demand. Many California 
plant  
ecologists accept the conjecture that soil moisture is less available in 
oak  
woodlands now than it was in presettlement times due to the replacement 
of  
native herbaceous vegetation with nonindigenous annual grasses and forbs.  
Definitive evidence in support of this hypothesis is lacking, largely 
because  
the nature of the presettlement understory is poorly understood. Blue oak  
seedlings experience high levels of water stress during the summer 
(Griffin  
1973), but it is not possible to determine whether these levels of summer 
water  
stress have changed since settlement. 
Insolation 
In open woodlands and clearings, high levels of insolation (solar 
radiation)  
function mainly to increase evaporative demand and consequently, water 
stress.  
In relatively xeric sites and/or dry years, high levels of insolation can 
limit  
seedling survival in some oak species (Muick 1997, Borchert et al. 1989). 
In  
some xeric areas, the density of existing second-growth oak stands is 
greater on  
northerly aspects or is entirely restricted to north slopes, indicating 
that  
insolation has strongly affected regeneration since settlement.  
Oak seedling and sapling growth and survival can also be limited by a 
lack of  
light in woodlands with closed or nearly closed canopies. Levels of 
shading that  
inhibit oak growth and survival vary by growth stage, site conditions, 
and oak  
species. Blue oak seedlings can establish under canopy, recruitment to 
the  



sapling stage typically requires a canopy opening (Swiecki et al. 1997b). 
Blue  
oak saplings that become overtopped by faster-growing species usually 
decline  
and die. Although shady conditions generally favor seedling establishment 
in  
xeric sites, shade may reduce seedling establishment if soil moisture is 
not  
limiting (Borchert et al. 1989). 
Fire 
Most California oaks possess one or more adaptations that allow them to 
tolerate  
infrequent fires. Mature trees of some species, including Engelmann, 
blue, and  
valley oak, tolerate light to moderate ground fires with little damage. 
However,  
more intense fires may kill trees outright or create fire scars that 
facilitate  
invasion by wood decay fungi and lead to early mortality. Virtually all 
young  
California oaks resprout readily after topkill by fire, and some species,  
including Q. agrifolia and Q. wislizeni, crown sprout vigorously after 
topkill  
even as mature trees.  
In mesic areas where black oak (Q. kelloggii) or Oregon oak (Q. garryana)  
coexist with fire-sensitive conifers, infrequent fires may be important 
in  
suppressing succession to coniferous forest and maintaining oak as the 
dominant  
canopy species. However, these situations are the exception rather than 
the rule  
in California oak woodlands. In most low elevation woodlands, fire is not  
required for regeneration or to maintain the dominance of the oak 
overstory. 
Even though oak seedlings and saplings resprout readily after topkill, 
fire  
causes low to moderate levels of mortality in juvenile oaks. After 
topkill,  
juveniles may require at least several years to recover their aboveground  
biomass (Figure 1). Repeated destruction of the shoot in successive years  
depletes seedling energy reserves thereby increasing the incidence of  
fire-related mortality and reducing sapling recruitment (Swiecki et al. 
1997b).  
Frequent fire suppresses oak reproduction and facilitates conversion of  
woodlands and savannas to grasslands, a pattern seen in other areas. The  
combination of repeated fire and grazing is especially effective for 
suppressing  
regeneration, and was historically used to convert woodlands to 
grasslands. 
 
Figure 1. Effect of fire on survival and height growth of natural 
juvenile blue  
oaks in a grassland dominated by introduced annual grasses. Shoot heights 
on the  



Y-axis were recorded 2 years after the fire. Points below the diagonal 
line  
represents oaks that have not regrown to their pre-fire height.  
Addressing constraints with restoration inputs 
At a given site, one or more of the constraining factors listed above may 
be  
inhibiting seedling establishment and growth. The minimum restoration 
inputs  
needed to restore oaks at a given site are those that address the 
critical site  
constraints, i.e., factors that completely inhibit plant establishment. 
Most  
restoration inputs have multiple effects on the ecosystem and can change 
the  
intensity of several constraints, either positively or negatively. An 
integrated  
approach is needed to balance the positive and negative influences of 
selected  
inputs in the design of a restoration project.  
Each restoration input also has corresponding costs in terms of labor and  
materials, as well as possible ancillary costs (e.g., disposal of used  
materials). Although some inputs may provide statistically significant  
differences in survival and growth, they may not necessarily be cost 
effective.  
To achieve a high level of cost effectiveness, not only should inputs be 
matched  
to site constraints, but the least expensive effective inputs should be  
selected. 
Planting 
Genetic considerations 
Locally-collected seed is recommended for restoration plantings for two  
interrelated reasons. First, local genotypes are likely to be well-
adapted to  
local soil and climate conditions, and therefore are likely to perform 
well. The  
importance of using local ecotypes to ensure seedling survival and growth 
is  
well documented for commercial conifer species, and evidence for local  
adaptation has been demonstrated for northern red oak (Quercus rubra) 
from the  
eastern USA (Sork et al. 1993). Secondly, plantings from non-local seed 
may  
contaminate the local gene pool by introducing maladaptive alleles into 
the  
local population. Through outcrossing with non-local individuals, 
specialized  
traits of local populations may be compromised or diluted. 
Unfortunately, little is known about the genetics of California oak 
species.  
Phenotypic variability between oak populations has long been noted in 
California  
(Jepson 1910). The common occurrence of interspecific oak hybrids 
indicates that  



gene flow between species may contribute substantially to variation 
between  
local oak populations (Dodd et al. 1997). Several studies have examined 
the  
amount of phenotypic variation that exists within and between populations 
of in  
several oak species (e.g., Rice et al. 1993,1997). However, current data 
do not  
indicate how large a local seed collection zone should be, or whether 
oaks  
growing on hilly terrain differ genetically from oaks of the same species  
growing on adjacent valley floors. 
For at least some California oak populations, we may not be able to 
assume that  
local germplasm is highly adapted to current site conditions. If site 
conditions  
are more xeric now than they were prior to settlement, oak genotypes from 
a more  
xeric location (e.g., lower elevation and/or latitude) might be better 
adapted  
to the site than the extant local population. For example, initial 
results from  
a reciprocal transplant test indicate that blue oak seedlings from a 
distant  
xeric site (Sierra Nevada foothills) performed better than the local 
germplasm  
at a relatively mesic site (North Coast range) (Rice et al. 1997).  
Defining local seed is further complicated by the movement of oak 
germplasm  
between distant populations by humans. Along aboriginal routes of 
migration and  
trade, human-assisted gene flow may have significantly affected 
population  
genetics of oaks and other species used for food. Recently, the increased  
horticultural use of California native oaks in urban and rural 
landscaping,  
including highway plantings, has distributed many non-local oaks amid oak  
woodlands. In some areas, acorns collected from local trees may not 
represent  
germplasm of a locally-adapted population. 
Until further genetic studies are completed, the designation of the local 
seed  
area for each species must be guided by a knowledge of the restoration 
site and  
local woodlands. In practice, woodlands within the same watershed located 
within  
a few to perhaps 10 km of the restoration site may be considered likely  
candidates for local germplasm. Microclimate and soils of the source site 
should  
match the target site to the degree possible. Collections from several 
source  
areas representing as many trees as possible should be used to obtain 
greater  



levels of diversity in the germplasm. Acorns should not be collected from 
trees  
likely to be pollinated by horticultural oaks of unknown provenance. In 
areas  
where oak populations have been extirpated or reduced to a few remnant  
individuals, truly local germplasm may not exist or may have insufficient 
levels  
of genetic diversity. In such situations, introduction of seed from more 
distant  
areas may be necessary. 
Planting stock: seed vs. transplants 
Direct planting of acorns has several significant advantages over 
transplanting  
even though oak seedlings can be successfully established by either 
method.  
Unlike acorns, transplants require space for propagation and care in the  
nursery. Transplants are more difficult to store and transport, and 
require more  
effort and care in planting than acorns. When direct-seeded in the field,  
seedlings of many California oak species produce a long taproot which can  
extract moisture from deep in the soil profile (Matsuda et al. 1989). In 
both  
container-grown and bareroot nursery stock, the dominance of the taproot 
is  
destroyed, impairing the drought tolerance of the developing seedling.  
Consequently, transplants normally require some irrigation, whereas  
direct-seeded acorns do not. Finally, nonindigenous soil-borne pathogens 
or  
insect pests from the nursery may be introduced with the transplants into 
the  
planting site; this risk is negligible for direct-seeded acorns. For most  
restoration plantings, transplants have no long-term survival or growth  
advantages over direct seeded acorns that would offset their increased 
cost and  
other drawbacks. 
The choice of planting stock also has genetic implications. Direct-seeded 
acorns  
are subjected to site-specific selection pressure at the earliest 
possible stage  
of growth. This facilitates selection for seedling characteristics that 
may  
contribute to fitness, including resistance to insects and other 
herbivores,  
drought and temperature tolerance, emergence date, the structure and 
growth  
rates of roots and shoots, and response to local mycorrhizal fungi and 
other  
rhizosphere microorganisms. Selection pressures imposed on oak seedlings 
grown  
as nursery stock are vastly different from those encountered at the 
restoration  
site and typically bear little relationship to field conditions. Hence,  
genotypes that are successful in the nursery may not be the same as those 
that  



would have succeeded in the field. Paradoxically, the main advantage of  
transplants, i.e., ensuring that every planting site contains a seedling, 
is a  
disadvantage in terms of allowing natural selection to function.  
Planting practices 
In addition to addressing inadequate acorn dispersal, planting 
ameliorates poor  
seedbed conditions. A suitable seedbed can be prepared by turning over 
and  
breaking up the upper 25-30 cm of the soil profile with a shovel. 
Augering and  
backfilling deep (60-90 cm) planting holes is more expensive and does not 
always  
provide a clear benefit (e.g., Figure 2), but may be beneficial where 
root  
penetration is inhibited by subsurface strata such as tillage pans or 
clay  
lenses. Deep augered holes can also settle excessively after wetting, 
which can  
be detrimental to seedling establishment.  
 
Figure 2. Percent of valley oaks in each of 4 height classes. Oaks were 
planted  
from acorns in 1989 (Bernhardt and Swiecki 1997, west hillside). The site 
(3 ha)  
is grazed annually at varying stocking levels. The season and duration of  
grazing has also changed from year to year, but usually is winter-spring.  
Nonwoven polypropylene landscape fabric (90 cm square) covered with waste 
wood  
chips was used at mulched sites. Ten years after planting, more than half 
of the  
surviving seedlings are still less than 60 cm tall. Vaca cages to protect  
seedlings from cattle grazing are essential for seedling survival at this 
site.  
Oaks are strongly mycorrhizal, although the mycorrhizal fungi associated 
with  
California oaks are poorly characterized. Soil taken from existing 
woodlands can  
serve as a source of inoculum for mycorrhizal fungi and other beneficial 
soil  
microorganisms and invertebrates. Planting acorns with as little as 250 
ml of  
woodland soil has been shown to have beneficial effects on seedling 
growth  
(Scott and Pratini 1997). Inoculating planting sites with woodland soil 
might be  
cost effective on some sites, but may not be necessary if potential 
sources of  
inoculum are close enough to permit natural colonization. 
Fertilizer is considered to be an inexpensive input, but may be 
unnecessary or  
even counterproductive. In oak woodlands, soil moisture is typically more  
limiting than levels of mineral nutrients in the soil (Dahlgren et al. 
1997).  



High levels of phosphorus can suppress mycorrhizal development, and 
excessive  
levels of nitrogen can increase susceptibility of plants to insect 
damage. 
An organic mulch applied over the planting site moderates soil 
temperatures,  
reduces evaporative water loss, helps maintain high humidity around the 
seed,  
facilitates seedling emergence by preventing crusting of the soil 
surface,  
suppresses the growth of competing vegetation, and releases plant 
nutrients as  
it decays. Mulch containing chipped woody material may also provide a 
food base  
for woodland microorganisms that utilize woody debris. Such woody 
substrates are  
normally lacking in annual grasslands. Mulches can significantly improve 
early  
seedling growth and survival (Bernhardt and Swiecki 1997), but it is 
unclear  
whether long-term survival and growth benefits are sufficient to make 
this input  
cost effective for all sites (Table 1). 
Table 1. Survival and relative costs of different sets of restoration 
inputs for  
valley oaks planted from acorns in 1989 (Bernhardt and Swiecki 1997, west  
hillside) and shown in Figure 2. 
      Treatment Survival in 1999 Set up worker-hours per treatment 
Initial  
      (1989) material cost Setup hours/ 
      surviving site Initial material cost/surviving site  
      No Vaca cage, no mulch 0 .23 0 - -  
      Vaca cage, no mulch 57% 0.62 $5.36 1.06 $9.19  
      Vaca cage, mulch 67% 1.01 $6.40 1.51 $9.6  
      Vaca cage, mulch, auger 80% 1.14 $7.32 1.43 $9.15  
 
  
Some highly effective planting techniques entail little or no cost. 
Seedling  
emergence rates can be improved by inspecting acorns at planting and 
discarding  
those with evidence of insect damage or decay. Planting several acorns 
per site  
increases the probability of having at least one successful seedling per 
site  
(Swiecki and Bernhardt 1991). Planting early, immediately after the first 
autumn  
rains, ensures that germinating acorns can take full advantage of 
seasonal  
rainfall. Shoot growth in the first two seasons after planting is 
greatest for  
acorns planted at the earliest possible date (McCreary 1990). Planting at 
an  



adequate depth (about 5 cm) protects acorns from desiccation and reduces 
the  
likelihood that they will be eaten by rodents (Tietje et al. 1991). 
Seedling  
survival and growth rates can be also improved by selecting favorable 
planting  
sites. For example, damage by rodents such as ground squirrels can be 
reduced by  
simply avoiding areas with active colonies (Bernhardt and Swiecki 1997).  
Soil moisture limitations can be minimized by avoiding drought-prone 
areas, such  
as slopes with southwestern aspects or shallow soils, and planting  
preferentially in areas with naturally high soil moisture. In one 
planting, we  
observed that growth differences associated with highly favorable soil  
conditions far exceeded the effects of mulching and augering (Bernhardt 
and  
Swiecki 1997). It may not be possible to identify all of the most 
favorable  
microsites or restrict planting to them, but one can make better use of 
limited  
resources by avoiding obvious problem areas. 
At any site, a given set of inputs may give rise to a range of outcomes  
depending on the year. In projects that require oak planting, a useful 
hedge  
against temporal stochastic constraints (e.g., extended drought, 
accidental  
fire, herbivore population fluctuations) is to plant in a number of 
successive  
years. This tactic has the effect of averaging risks over time and 
increases the  
chance that favorable growing conditions will coincide with at least some  
plantings. 
Protection from herbivores 
Livestock 
Whether oak woodland restoration relies on natural regeneration or 
planting, it  
cannot succeed in areas that are heavily grazed by livestock (Figure 2).  
Long-term livestock grazing is highly destructive to oak woodland 
ecosystems  
because its adverse effects extend far beyond herbivory and trampling of 
oak  
seedlings. Livestock deplete the acorn supply and degrade seedbed 
conditions by  
removing litter and compacting soil. Excessive livestock grazing also 
increases  
populations of many nonindigenous annuals. Some of these (e.g., yellow  
starthistle, Centaurea solstitialis) extract water late in the season 
from deep  
in the soil profile, increasing competition for soil moisture. 
Potentially  
negative effects on the soil microflora and invertebrate fauna from 
compaction  
and changes in the herbaceous layer are also likely but are largely  



undocumented. 
Cessation or strict limitation of grazing may be the only restoration 
input  
necessary where livestock grazing is the primary factor suppressing oak  
reproduction. Reduction in grazing intensity may be accomplished by 
reducing the  
season of use, animal stocking levels, and/or grazing frequency (e.g., 
rest  
rotations with no grazing in certain years). The maximum amount of 
grazing that  
is compatible with oak woodland restoration will vary greatly by site, 
but mesic  
sites will generally tolerate higher levels of grazing pressure than 
xeric  
sites. 
Without continual suppression by livestock browsing, existing seedlings 
in open,  
noncanopied positions will recruit to the tree stage, but the length of 
time  
required will vary with site quality, oak species, and plant condition.  
Seedlings that have been suppressed for an extended period may require at 
least  
several years to reestablish a vertical leader. Removing or severely 
restricting  
grazing can also permit the recovery of understory seedling advance 
regeneration  
under oak canopy, other suppressed indigenous plant species, and soil 
ecosystem  
processes. 
Many of the most aggressive nonindigenous weeds in California oak 
woodlands and  
savannas are favored by open sites, soil disturbance, and selective 
removal of  
competing vegetation by grazing animals. In time, many of these species 
will  
decline in dominance after grazing is eliminated and an oak overstory is  
reestablished. However, over a shorter time horizon, undesirable changes 
in the  
herbaceous layer may develop that may require management with tightly 
controlled  
grazing, herbicides, or other techniques. In northern California, the 
introduced  
perennial Harding grass (Phalaris aquatica) is suppressed in open sites 
by  
grazing but can develop into dense, highly competitive stands if grazing 
is  
removed (Bernhardt and Swiecki 1997). The short-term response of 
understory  
vegetation to a release of grazing pressure is largely site specific, and  
depends on existing populations of native and nonindigenous plants, site  
conditions, weather patterns, and management practices.  
Reduced grazing pressure can also influence wildlife populations in ways 
that  



may affect the restoration process. Ground squirrel populations tend to 
be  
higher in grazed than in ungrazed locations, so reduced grazing may 
reduce  
damage caused by this species. Where cessation of grazing leads to heavy 
grass  
cover, vole (Microtus californicus) populations may increase to levels 
that  
reduce oak seedling establishment. Although the long-term prospects for  
restoring the oak woodland ecosystem are vastly improved when grazing is 
reduced  
or eliminated, close monitoring and active management may be required to  
minimize negative changes during the transitional period. 
In areas where livestock grazing cannot be eliminated or adequately 
restricted,  
it is still possible to protect individual oak seedlings or saplings from  
browsing by using single tree exclosures. Individual exclosures must be  
relatively sturdy to withstand the abuse of cattle that pull at 
protruding oak  
branches and rub against the exclosures. For the past 10 years, we have  
successfully used a low-cost single-plant exclosure of our own design 
(Vaca  
cage) to protect both existing oak saplings and new planting sites from 
cattle  
(Swiecki and Bernhardt 1997, Figure 3). Vaca cages have been effective in  
protecting individual oaks or planting sites from cattle (Table 1, Figure 
2).  
Periodic inspection, repair, and height adjustment is necessary to 
maintain the  
cages’ effectiveness. Cages must eventually be removed to prevent 
girdling and  
scarring of oak branches by cage wires.  
 
Figure 3. Vaca cages used to protect direct-seeded valley oaks from 
seasonal  
cattle grazing. Even though oak growth is relatively rapid at this 
favorable  
site and cattle are only present for several months each year, below 
browse line  
nearly all branches outside of the cages have been destroyed. Cage 
heights can  
be extended to help saplings grow above browse line. 
Selective protection of individual planting sites is a useful interim  
restoration tactic that does not require changes in the existing grazing 
regime.  
However, Vaca cages are relatively expensive and time-consuming to use, 
and do  
not protect other desirable understory vegetation or other elements of 
the  
ecosystem. If a site is excessively grazed, the ecosystem will remain 
highly  
degraded even if some oak trees are established though the use of Vaca 
cages. 
Other herbivores 



As noted above, management of herbaceous vegetation can significantly 
affect  
rodent populations and damage at a restoration site. In localized areas, 
direct  
reduction of rodent populations by trapping, baiting, or other means may 
be  
practical. Alternatively, rodents can be excluded from the individual 
planting  
sites through the use of wire-mesh or aluminum screen cylinders or 
plastic tree  
shelters (McCreary and Tecklin 1997). Although the these protective 
devices are  
relatively inexpensive, substantial amounts of labor are required to 
install,  
inspect, and eventually remove the devices. Cost-effectiveness is 
therefore  
likely to be low unless rodent populations are critically limiting. 
Deer browsing can stunt oak seedlings and saplings, but damage caused by 
deer is  
typically less severe than that caused by cattle (Bernhardt and Swiecki 
1997).  
We have successfully used inexpensive cylindrical cages made of 
galvanized  
poultry netting to protect seedlings from deer. Such cages usually do not  
require maintenance other than eventual removal, but would only be cost  
effective where deer browsing pressure is intense. Deer are classified as 
game  
animals, and management of local populations by hunting may be sufficient 
to  
reduce their impact to a tolerable level in some cases. 
Minimizing moisture stress 
Vegetation management 
Moisture stress can be reduced by managing competing vegetation in the 
immediate  
vicinity of the oak seedling. Maintaining bare soil in a zone at least 60 
cm in  
diameter for one or two seasons increased survival and growth of blue oak  
seedlings in the first 5 years after planting (McCreary and Tecklin 
1997). Bare  
soil areas may be produced by mechanically scraping all vegetation off 
the soil  
surface (scalping), although this method is labor intensive because 
repeated  
treatments are needed. One or two properly timed applications of a 
nonselective  
foliar herbicide (e.g., glyphosate) can also be used to eliminate 
competing  
annual vegetation around an oak seedling (Tecklin et al. 1997), but the 
seedling  
must be shielded from the spray. Some soil-applied broadleaf herbicides 
can have  
negative effects on oak root growth and soil microorganisms, and should 
be not  



be used without thorough testing. Herbicide use and scalping typically 
result in  
bare, unshaded soil around the seedling which is subject to erosion and 
can  
impede percolation of rainfall into the soil. In contrast, mulch 
suppresses  
competing vegetation and reduces rainfall runoff and evaporation without  
increasing erosion potential. 
Depending on the weedy species present at a site, it may be more 
efficient to  
manage herbaceous vegetation across the entire restoration site. Possible  
management choices include properly timed mowing, tillage, or herbicide  
applications. Such techniques are more likely to be feasible on sites 
with few  
existing desirable plant species and where negative environmental 
consequences  
are unlikely. Regular spacing of oaks in rows or grids has been used to  
facilitate mowing operations in some projects. Precisely-managed, limited  
duration grazing can be used to differentially remove palatable 
herbaceous  
species, but unless individual oak seedlings are protected, it is 
difficult to  
manage grazing so that the reduction in herbaceous competition outweighs  
herbivory. Grazing around protected seedlings can lead to higher growth 
and  
survival compared to adjacent nongrazed sites (Bernhardt and Swiecki 
1997). 
The practical use of fire for vegetation management in oak woodlands is  
restricted to situations in which competing vegetation is slower-growing 
and/or  
significantly more fire-sensitive than oak seedlings and saplings. 
Infrequent  
fires (e.g., 10-20 year intervals) may be useful in suppressing the 
encroachment  
of fire-sensitive conifers into certain mesic oak woodlands (Fritzke 
1997,  
Hastings et al. 1997). However, the frequent fires needed to manage 
undesirable  
annuals would destroy oak regeneration and inhibit oak woodland 
restoration. In  
areas that burn frequently, oak regeneration can be favored by reducing 
fire  
frequency. 
Different vegetation management approaches can vary widely in  
cost-effectiveness. Unless competing vegetation critically limits oak  
reproduction, it may be more cost efficient to forego vegetation 
management and  
accept low growth rates. Such an approach is more feasible where risks  
associated with herbivory and fire frequency are low. 
Microclimate modifying devices 
Plastic tree shelters not only protect oak seedlings from rodent 
herbivory, but  
also provide a seedling microclimate characterized by reduced light 
intensity  



and air flow and increased temperature, humidity, and carbon dioxide 
levels  
(Burger et al. 1992, Minter et al 1992). The tree shelter 
microenvironment has  
profound effects on seedling morphology, especially when relatively tall 
(>60  
cm) tree shelters are used. Stem height growth is typically enhanced in 
tree  
shelters, but shoot growth responses vary between and within species 
(Plumb and  
DeLasaux 1997, McCreary and Tecklin 1997, Burger et al. 1997). Tree 
shelters  
reduce total plant biomass and the root:shoot ratio in at least some oak 
species  
(Burger et al. 1997), which could compromise long-term survival in some  
situations. Tree shelters have improved initial oak seedling survival in 
some,  
but not all studies (McCreary and Tecklin 1997, Plumb and DeLasaux 1997). 
Both  
shade and protection against rodent herbivory can contribute to seedling  
survival, so it is difficult to determine which effect predominates when 
tree  
shelters are used. Long-term results from restoration plantings are 
needed to  
accurately evaluate the costs and benefits of tree shelters. 
Aluminum screen cages also provide a modified microenvironment, though 
less  
extreme than that within plastic tree shelters. Screen cages reduce 
incident  
sunlight by about half (Adams et al. 1991) and may slightly increase 
relative  
humidity in the immediate vicinity of the seedling by reducing wind 
velocity.  
Depending on their construction, screen cages can also provide protection  
against rodent herbivory, at least while seedlings are small. McCreary 
and  
Tecklin (1997) found that screen cages provided less protection against 
rodents  
and less of an enhancement of shoot growth than tree shelters, whereas 
Costello  
et al. (1996) found tree shelters and screen cages to be equally 
effective in  
enhancing shoot growth and survival. 
Irrigation 
Although irrigation can enhance oak seeding growth, it is a relatively 
expensive  
and high-maintenance input,, especially in plantings without nearby water  
sources. Hand watering is labor intensive and may be inefficient due to 
losses  
from evaporation and runoff. Drip irrigation systems allow better 
percolation of  
water into the soil profile but have higher equipment costs, especially 
if the  
water source requires extensive filtration. Labor required to install and  



maintain a drip irrigation system can also be high. We have observed 
sites where  
oaks became highly water-stressed when irrigation was discontinued, 
presumably  
due to effects of irrigation on root distribution and/or root:shoot 
ratios.  
Irrigated planting sites are also more likely to be attacked by ground 
squirrels  
and gophers than nonirrigated sites. Consequently, summer irrigation does 
not  
always improve oak seedling growth and survival and even early benefits 
of  
irrigation can be short lived (Swiecki and Bernhardt 1997). Hence, 
irrigation  
can be one of the least cost-effective inputs in a restoration project. 
Protecting existing oak reproduction 
Although most oak woodland restoration projects involve planting, 
planting is  
not always necessary to restore oak canopy. In high-quality sites 
adjacent to  
oak stands, suppressed natural seedlings and saplings may be present in 
the area  
targeted for restoration. If suppression of juvenile oaks is not due to  
competition with the tree canopy but is associated with livestock 
browsing,  
mowing, or frequent fire, shoot protection can allow these oaks to 
recruit to  
the overstory. Suppressed juvenile oaks typically have well-established 
root  
systems, and can exhibit high shoot growth rates once they are protected. 
Oaks  
may be protected individually (e.g., with Vaca cages) or across the 
entire site  
(e.g., by eliminating grazing). Growth rates of protected juvenile oaks 
vary by  
species and with site conditions, but a minimum of 5 to 10 years of 
protection  
is typically needed to recruit juvenile oaks to a size class for which 
further  
protection is unnecessary. By protecting existing juvenile oaks, one can 
restore  
oak canopy with locally-adapted material in a shorter time than is 
possible by  
planting.  
Other species 
Many plant species other than oaks are important components of oak 
woodlands.  
Some other tree species, such as California buckeye (Aesculus 
californica), can  
be direct-seeded in a manner similar to oaks and can easily be included 
in the  
initial phases of restoration. Other species that are good candidates for 
early  



phases of restoration are those that do well in open sites but will not 
compete  
excessively with oak seedlings. Perennials that can be propagated by 
root, corm,  
or bulb divisions but reproduce sparingly by seed should also receive 
priority  
for reintroduction, especially in situations where local populations may 
be  
threatened with extinction. Transplanting divisions from local perennial  
populations can help reintroduce associated soil microorganisms and  
invertebrates into the restoration site. Because little is known about 
the  
genetics of other oak woodland canopy and understory species, a 
conservative  
approach toward utilizing local material is warranted. 
Are you getting what you want? 
Even with proper planning, factors that influence the success of 
restoration  
efforts can vary widely across space and time, and many of these factors 
are  
beyond the control of the restorationist. Outcomes for a given set of  
restoration inputs may vary by year, location, and species. Because our 
ability  
to predict project outcomes is limited, every restoration project is  
experimental. Replicated trials of specific techniques and appropriate  
monitoring of restoration projects over an extended time period are 
needed to  
determine whether inputs have been effective over the long term. If labor 
and  
materials costs are carefully tracked, it is also possible to determine 
which  
inputs are cost effective. This empirical data can be used to adjust 
inputs at  
the restoration site and can be used to help design future projects.  
Slow oak growth rates are typical in many California oak woodlands and 
savannas.  
In nonirrigated valley oak restoration plantings protected from cattle 
browsing,  
we have observed average shoot height increases of 5 to 10 cm per year or 
less  
in upland sites of moderate quality over the first 5 to 10 years after 
planting.  
For a fast-growing species like valley oak on a favorable site, a 
sizeable  
canopy tree can develop in about 25 to 30 years. For blue oak, a slower-
growing  
species that typically occurs in relatively xeric sites, 100 years may be  
required to produce a tree with a moderate canopy. With the exception of 
some  
riparian floodplains that have been removed from agricultural use, most 
land  
available for restoration is of relatively low site quality. Restoring 
oak  



canopy and understory vegetation, along with functioning natural 
regeneration  
processes, will clearly take a long time. Long-term monitoring is 
necessary to  
evaluate the success of oak woodland restoration, but few restoration 
projects  
are more than 10 years old, and few of these have been monitored beyond 3 
to 5  
years. 
Many mandated oak restoration projects have a horticultural bias, and 
high  
initial survival rates are considered to be evidence of success. These 
projects  
often use relatively large nursery stock and maximize restoration inputs 
in an  
attempt to reduce all possible constraints to the point of 
insignificance. This  
tactic may not be cost-effective, because restoration can succeed without  
addressing constraints that only partially reduce growth or survival.  
Furthermore, the horticultural approach can eliminate natural selection 
for  
seedling characteristics that confer fitness. If seedlings vary 
genetically and  
we allow natural selection to function in the restoration process, high 
rates of  
seedling mortality can be expected in a successful restoration. If our 
primary  
restoration goal is to establish self-sustaining woodlands, it may be 
unwise to  
thwart selection for adaptive seedling characteristics through the 
excessive use  
of horticultural inputs. 
Conclusions 
Oak woodland restoration is in its infancy in California. Most 
restoration  
projects undertaken to date have been limited to the establishment of oak 
trees.  
Growing California oaks is not a technically difficult task in a 
controlled  
situation, but most areas in need of restoration are not subject to tight  
control. Furthermore, growing a few oaks can be a relatively easy task, 
but  
establishing thousands of oaks over large areas is an arduous 
undertaking.  
Restoration of the oak canopy can be considered successful once a  
naturally-regenerating stand is established, which may require a century 
or  
more. Although oaks are the dominant and most important element of oak  
woodlands, we cannot consider oak woodland ecosystems to be restored if 
other  
important vegetation and wildlife components are lacking. Oak woodland  
restoration may begin by planting oaks, but must eventually address the  
sustainable management of the entire ecosystem. 



Current management practices, especially grazing, must be addressed 
throughout  
oak woodlands if large scale restoration of the ecosystem is to occur. By 
using  
a more holistic restoration prioritization and planning process, 
restoration  
efforts can be focused in areas where needs are high and costs can be 
minimized  
by working with natural processes. Further cost efficiency can be 
achieved by  
matching inputs to the site as closely as possible and avoiding 
unnecessary  
inputs. Restoration and management are not deterministic processes, but 
are  
influenced strongly by stochastic events and processes. Long-term 
monitoring of  
the ecosystem is needed to determine the outcome of restoration and 
management  
inputs and to provide the data needed to adjust inputs appropriately. 
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